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The  optical-absorption  spectra  of  commonly  occurring  impurities  in  several 
ultraviolet-transparent  -olids  are  tabulated  and  discussed,  and  the  assignmei 
of  the  absorption  bands  are  reviewed.  THe  wavelength  region  included  extend 
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region.  The  host  materials  coverecT  are  LiF,  NaF,  KCfc,  MgF2,  CaF2,  MgO,  At20 
Si02,  and  silicate  glasses.  The  results  are  presented  in  a way  useful  in 
locatina  impurities  that  absorb  at  specified  wavelengths,  in  determining  the 
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-^■wavelength  region  in  which  a specific  impurity  absorbs,  and  for  general  use  in 
several  current  and  envisioned  programs,  including:  reducing  the  residual 
optical  absorption  of  materials  in  order  to  increase  the  power  of  ultraviolet 
and  visible  lasers  and  to  increase  the  resistance  of  materials  to  damage  by 
high-intensity  radiation  in  laboratory  and  space  environments;  understanding 
the  origin  of  the  residual  absorption  in  order  to  provide  guidance  for  further 
improvement  of  materials  and  to  estimate  the  expected  materials  limits  set  by 
residual  imperfections;  and  reducing  the  absorptance  of  dielectric  reflectors 
and  antireflection  coatings.  The  coatings  problem  is  especially  important 
since  it  is  believed  that  imparities  in  deposited  films  is  a major  factor 
limiting  the  absorptance  of  botk  types  of  coatings,  and  high-power  reflectors 
require  the  use  of  dielectric  coatings  in  order  to  obtain  low  absorptance. 

The  features  of  the  spectra  are  summarized  in  tables  and  figures.  Peak 
positions,  approximate  line  widths,  and  when  available,  the  oscillator 
strengths  of  all  bands  are  summarized  in  correlation-type  graphs  for  each 
material.  The  intrinsic  and  extrinsic  absorption  spectra  are  categorized 
according  to  the  type  of  host  material,  e.g.,  alkali  halides,  alkaline-earth 
halides,  and  oxides,  and  according  to  the  type  of  impurity,  e.g.,  halogens, 

H and  D centers,  OH  and  OD  centers,  0,  S,  Se  centers,  color  centers,  radiation- 
induced  defect  centers,  transition-metal  ions,  and  rare-earth  ions.  Compar- 
isons of  results  for  various  host  materials,  and  also  for  various  impurities, 
are  given  in  the  form  of  tables  and  figures  whenever  possible. 
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PREFACE 


This  Tenth  Technical  Report  describes  the  work  performed  on  Contract 
Number  DAHC1 5-73-C-0127  on  Theoretical  Studies  of  High-Power  Ultraviolet 
and  Infrared  Materials  during  the  period  from  1 July  1977  through  31  December 
1977.  The  work  on  the  current  contract  is  a continuation  of  that  of  the 
previous  Contract  Number  DAHC15-72-C-01 29. 

In  view  of  the  increasing  importance  of  impurity  absorption  in  high- 
power  laser  materials  for  use  as  windows,  this  report  and  the  Ninth  Technical 
Report,  30  June  1977,  are  dedicated  to  a tabulation  of  impurity  spectra  of 
important  materials  in  the  ultraviolet  and  visible  regions.  The  previous  in- 
frared impurity-absorption  study,  which  emphasized  the  C02-laser  wavelengths 
near  10.6  urn,  is  being  updated  to  include  a greater  number  of  impurities, 
particularly  those  of  importance  at  other  infrared  wavelengths.  The  results, 
along  with  the  results  of  our  other  ongoing  programs  will  be  presented  in 
the  final  report.  Previously  reported  results  are  not  repeated  in  the 
present  report. 

The  following  investigators  contributed  to  this  report: 

Dr.  H.  Vora,  consultant.  Air  Force  Materials  Laboratory,  Dayton,  Ohio 

Dr.  T.  G.  Stoebe,  consultant.  University  of  Washington,  Seattle,  Wash. 

Mr.  M.  R.  Flannery,  research  assistant 

Mr.  Eugene  Loh,  Jr.,  research  assistant 

Dr.  M.  Sparks,  principal  investigator 

Lona  Case  and  Frances  Rossiter  typed  the  manuscript  and  prepared  the 
art  work  with  their  usual  skill  and  care. 

iii 


TABLE  OF  CONTENTS  - VOLUME  I * 

Section  Page 


PREFACE iii 

LIST  OF  ILLUSTRATIONS • . . . x 

LIST  OF  TABLES xxvii 

I INTRODUCTION 1 

II  ALKALI  HALIDES ' . . . 60 

A.  Intrinsic  Properties  of  Alkali  Halides  60 

B.  Comparisons  of  Alkali -Hal i de  Impurity  Spectra 68 

C.  Lithium  Fluoride  82 

1.  Lowest  energy  exciton  peak 82 

2.  Purity  and  storage  of  Li F 82 

3.  U center  in  Li F 93 

4.  The  OH"  absorption  peak  in  Li F 96 

5.  Oxygen-doped  Li  F 96 

6.  Transition-metal  ions  in  Li F 96 

a.  Ti3+  and  Ti2+  in  Li F 100 

b.  V2+  in  LiF 109 

c.  Cr  in  LiF 109 

d.  Mn2+  in  LiF 109 

e.  Fe2+  in  LiF 112 

f.  Co2+  in  LiF 113 

g.  Ni2+  in  LiF 113 

7.  Trapped  electron  and  hole  centers  in  LiF 113 

a.  F center  in  LiF 113 

b.  F-related  centers 117 

*Ninth  Technical  Report,  30  June  1977.  i 

iv 


*Ninth  Technical  Report,  30  June  1977. 

Iv 


TABLE  OF  CONTENTS  - VOLUME  I (Cont.)* 

Section  Page 

II  c.  VK  center,  or  self-trapped  hole,  in  Li F ....  117 

d.  Vg  center,  or  F^  molecular  ion,  in  Li F 117 

e.  Color  centers  in  magnesium-doped  Li F 121 

8.  Colloid  bands  in  Li F '.  125 

D.  Sodium  Fluoride 134 

1.  Negative-ion  impurities  in  NaF 137 

a.  OH",  O2  and  H“  ions  and  F and  M centers 

in  NaF 138 

b.  C l~  and  Br"  ions  in  NaF 145 

2.  Transition-metal  ions  in  NaF 151 

a.  Titanium 155 

b.  Vanadium 158 

c.  Manganese 158 

d.  Cobalt 158 

e.  Nickel 159 

3.  VUV  spectra  of  some  commercial -purity  and 

high-purity  NaF 159 

4.  Additive  and  electrolytic  coloration  of  NaF  ....  164 

E.  Potassium  Chloride 166 

1.  Intrinsic  exciton  166 

2.  U,  U.| , U^,  a,  OH"  and  0"  bands  in  KCH 166 

3.  H and  H"  in  KW 166 

4.  OH  in  KCil 174 

5.  00"  and  OH’  in  KC£ 176 

*Ninth  Technical  Report,  30  June  1977. 


v 


TABLE  OF  CONTENTS  - VOLUME  I (Cont.)* 

Section  Page 

II  6.  0'2  , 0"  and  02'  in  KC£ 179 

2- 

7.  Correlation  of  0 bands  with  the  F and 

L bands  in  KC£ 181 

8.  Photochemical  production  of  0’  centers 

from  02"  centers 186 

2_ 

9.  Annealing  KC£  crystals  containing  0 189 

10.  SH",  S'  and  S2"  in  KC£ 191 

11.  Photochemical  conversion  of  SH"  to  S' 191 

2- 

12.  Reduction  of  SH  with  F centers  to  produce  S ...  196 

13.  Photochemical  bleaching  of  S2'  in  KC£ 198 

14.  Annealing  of  S2~  centers  in  KC£ 200 

15.  Comparison  of  SH'  ahd  OH’  centers 203 

16.  Photochemical  conversion  of  SH’  to  S"  in  KC£.  . . . 203 

17.  SeH'  in  KC£ 204 

18.  Photochemical  conversion  of  SeH’  to  Se’ 204 

19.  Reduction  of  SeH’  by  F centers,  and 

thermal  annealing  208 

20.  Spin-orbit  splitting  of  the  selenium  bands 210 

21.  Br’  and  I’  in  KC& 212 

CONTENTS  OF  PRESENT  AND  PREVIOUS  REPORTS  219 

LIST  OF  PUBLICATIONS 223 


*Ninth  Technical  Report,  30  June  1977. 


vi 


' 


TABLE  OF  CONTENTS  - VOLUME  II 

Section  Page 

PREFACE Hi 

LIST  OF  ILLUSTRATIONS xvi 

LIST  OF  TABLES xxxi 

III  ALKALINE  EARTH  FLUORIDES  1 

A.  Intrinsic  Properties  of  Calcium  Fluoride  1 

B.  Calcium  Fluoride  1 

1.  02"  and  S2”  in  CaF^ 2 

2.  Transition-metal  ions  in  CaF2 7 

2+ 

a.  Mn  in  CaF^ 7 

b.  Co2+  in  CaF2 11 

c.  Ni2+  in  CaF2 18 

3.  Rare-earth  ions  in  CaF2 18 

a.  Trivalent  rare-earth  ions  in  CaF2 21 

b.  Divalent  rare-earth  ions  in  CaF^ 24 

c.  Photochromic  centers  in  CaF^ 27 

4.  Actinide  ions  in  CaF2 38 

a.  U4+  and  U6+  in  CaF2 39 

b.  Np3+  in  CaF2 43 

c.  Pu3+  and  Pu4+  in  CaF2 47 

d.  Am2+  and  Am3+  in  Cap2 52 

e.  Cm3+  and  Cm4+  in  CaF2 52 

f.  Es3+  and  Es2+  in  CaF2 56 

g.  Color  centers  in  actinide-doped  CaF2  ....  56 

5.  Color  centers  in  CaF2 57 

a.  Subtractively  colored  Cap2 71 

b.  H and  F bands  in  CaF2 


vii 


72 


TABLE  OF  CONTENTS  - VOLUME  II  (Cont.) 

Section 

Page 

III 

c.  M and  M+  centers  in  CaF^  

. . 75 

d.  F^e  centers  in  Sr-doped  and  Ba-doped  CaF2- 

. . 81 

e.  Self-trapped  hole  in  CaF^  

. . 85 

2+ 

f.  Color  centers  in  CaF^Mn  

. . 85 

C. 

Magnesium  Fluoride  

. . 89 

1. 

Temperature  dependence  of  the  transmittance 
limit  of  MgF^  and  some  other  VUV  materials  . . 

. . 91 

2. 

Transition  metal  ions  in  MgF^  

. . 94 

3. 

Radiative  coloration  of  MgF^  

. . 102 

4. 

Additive  coloration  of  MgF^  

. . 115 

IV 

OXIDES 

AND  GLASSES  

. . 125 

A. 

Silicon  Dioxide  and  Some  Silicate  Glasses  . . . . 

. . 125 

1. 

Some  common  impurities  in  Si 0^ 

. . 127 

2. 

Fundamental  and  common  impurity-related  UV 
absorption  in  SiOg 

. . 127 

3. 

Impurity  absorption  in  silicate  glasses  . . . 

. . 139 

4. 

Optical  absorption  in  irradiated  SiO^  .... 

. . 143 

5. 

Aluminum-alkali  system  

155 

6. 

Gallium-lithium  system  

. . 165 

7. 

Transient  radiation  effects  in  SiOp  and 
silicate  glasses  

. . 165 

8. 

Ion-implantation  effects  in  fused  silica  . . . 

. . 176 

B. 

Aluminum  Oxide  

. . 182 

1. 

Transition-metal  ions  in  AJJ^C^ 

. . 185 

2. 

Radiative  coloration  of  Aj^O-j 

. . 214 

— . 

viii 

TABLE  OF  CONTENTS  - VOLUME  II  (Cont.) 


Section  Page 

IV  C.  Magnesium  Oxide 227 

1.  Transition-metal  ions  in  MgO 230 

a.  V3+  in  MgO 230 

b.  Cr3+  in  MgO 233 

c.  Fe2+  and  Fe3+  in  MgO 236 

d.  Co2+  in  MgO 240 

e.  Ni2+  in  MgO 243 

2.  Radiation-induced  absorptions  in  MgO  243 

a.  V-type  center  in  MgO 243 

b.  Na  in  MgO 259 

c.  F and  F+  centers  in  MgO 259 

d.  F-aggregate  centers  in  MgO 268 

e.  Ne+  irradiation  of  MgO 275 

CONTENTS  OF  PRESENT  AND  PREVIOUS  REPORTS  287 

LIST  OF  PUBLICATIONS 291 


ix 


LIST  OF  ILLUSTRATIONS  - VOLUME  I* 


Figure  - Page 

1.1  Summary  of  the  peak  positions  (|),  widths  (m),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  Li F 4 

1.2  Summary  of  the  peak  positions  (I),  widths  (i— t),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  NaF 9 

1.3  Summary  of  the  peak  positions  (|),  widths  (i— l),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  KC8, 13 

1.4  Summary  of  the  peak  positions  (|),  widths  (m),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  MgF£ 16 

1.5  Summary  of  the  peak  positions  (|),  widths  (i — I ) , and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  CaF£ 18 

1.6  Summary  of  the  peak  positions  (|),  widths  (»— i ) , and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  MgO 29 

1.7  Summary  of  the  peak  positions  (i),  widths  (i — i) , and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  AJ^O-j 32 

1.8  Summary  of  the  peak  positions  (I),  widths  (i-h),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  Si 02 37 

1.9  Summary  of  the  peak  positions  (I),  widths  (i — i) , and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  silicate  glasses  41 

1.10  Summary  of  the  positions  of  important  impurity-absorption 
lines  in  Li F shown  with  respect  to  the  ultraviolet  and 

infrared  cutoff  frequencies 43 

1.11  Summary  of  the  positions  of  important  impurity-absorption 

lines  in  MgF£  shown  with  respect  to  the  ultraviolet  and 
infrared  cutoff  frequencies 44 

1.12  Summary  of  the  positions  of  important  impurity-absorption 

lines  in  CaF2  shown  with  respect  to  the  ultraviolet  and 
infrared  cutoff  frequencies 45 


* 

Ninth  Technical  Report,  30  June  1977 


x 


LIST  OF  ILLUSTRATIONS  - VOLUME  I (Cont.) 


Figure  Page 


1.13  Summary  of  the  positions  of  important  impurity-absorption 

lines  in  S i O2  shown  with  respect  to  the  ultraviolet  and 
infrared  cutoff  frequencies 46 

1.14  Summary  of  the  positions  of  important  impurity-absorption 

lines  in  AS.2O3  shown  with  respect  to  the  ultraviolet  and 
infrared  cutoff  frequencies 47 

2.1  Absorption  spectra  of  several  fluorides  showing  the  Urbach 

edges 61 

2.2  Absorption  spectrum  above  the  absorption  edge  for  thin 

Li F films 62 

2.3  Optical  absorption  near  and  above  the  absorption  edges  of 

a 1 ka 1 i - ha  1 i de  thin  films  deposited  on  Li F 63 

2.4  Room- temperature  values  of  refractive  indices  of  alkali 

halides  in  the  visible  and  ultraviolet  regions  69 


2.5  Sketches  of  F-band  absorptions  in  several  alkali  halides  ...  70 

2.6a  Ivey  relations  (power-law  dependence)  of  the  positions  of 
the  absorption  maxima  of  OH  , U,  F,  and  V3  bands  as 
functions  of  the  lattice  constants,  for  alkali  halides  ....  71 

2.6b  Ivey  relations  (power-law  dependence)  of  the  positions  of 
the  absorption  maxima  of  OH",  U,  F,  and  V3  bands  as 
functions  of  the  lattice  constants,  for  alkali  halides  ....  72 

2.7  Effects  of  starting-material  purity  and  growth  conditions 


on  the  ultraviolet  transmittance  of  Li F 89 

'2.8  Effects  of  oxygen  in  Li F on  the  ultraviolet  transmittance.  . . 90 

2.9  Effects  of  storage  and  cleaning  on  the  ultraviolet  trans- 
mittance of  Li F 91 

2.10  Typical  degradation  of  the  transmittance  of  Li F at  121.6  nm  • 

resulting  from  storage  in  air  of  two  different  samples  ....  92 

2.11  Ultraviolet  absorption  by  0H~  in  Li F 94 

2.12  Absorption  by  Mg2+  and  OH’  in  Li F 97 

2.13  Absorption  by  oxygen-doped  Li F 98 


xi 


LIST  OF  ILLUSTRATIONS  - VOLUME  I (Cont.) 


Fiqure 

Page 

2.14 

3+ 

Optical  Absorption  spectrum  of  Li F : Ti  

101 

2.15 

Absorption  spectra  of  divalent  transition-metal  ions 

in  Li F 

102 

2.16 

Absorption  spectra  of  pure  and  Ti -doped  Li F crystals  .... 

103 

2.16A 

Titanium-concentration  dependence  of  the  200  nm 
absorption  band  in  Li F 

108 

2.17 

3 2+ 

Optical  absorption  of  L i F : 1 0 ppm  Mn  

110 

2.18 

2+ 

Optical  absorption  of  Li F : 20  ppm  Mn  

111 

2.19 

2+ 

Optical  absorption  spectra  of  Li F : Ni  

114 

2.20 

Typical  absorption  spectra  of  X-irradiated  Li F at  78 K . . . 

116 

2.21 

Absorption  spectra  of  spatially  oriented  V«  centers 

in  LiF  

118 

2.22 

Anisotropic  absorption  of  center  in  LiF  

119 

2.23 

Optical  absorption  of  X-irradiated,  magnesium-doped  LiF.  . . 

120 

2.24 

Absorption  spectrum  of  a y-irradiated,  0H~-free  LiF 

122 

2.25 

Optical  absorption  of  LiF:Mg  quenched  from  600  C and 
X-irradiated  at  room  temperature  

123 

2.26 

Optical  absorption  of  unquenched  LiF:Mg,  X-irradiated 
at  room  temperature 

124 

2.27 

Optical  absorption  spectra  of  LiF  irradiated  at  room 
temperature 

126 

2.28 

Absorption  spectrum  evolution  of  a LiF  sample 

127 

2.29 

Absorption  spectrum  evolution  of  a LiF  sample 

128 

2.30 

Absorption  spectrum  evolution  of  a LiF  sample 

129 

2.31 

Absorption  spectra  of  LiF  crystal  irradiated  with  10^ 7 
neutron/cm2  and  annealed  at  350  C 

130 

2.32 

Absorption  spectra  of  NaF  single  crystals  in  the  VUV 
region  

135 

xii 

LIST  OF  ILLUSTRATIONS  - VOLUME  I (Cont.) 


Figure  Page 

2.33  Experimental  and  theoretical  Urbach  tails  of  NaF  single 

crystals 135 

2.34  Analyzed  spectra  of  absorption  constant  in  cm-1  136 

2.35  Lattice-constant  dependence  of  absorption  maximum  of  OH'-, 

U-  and  F-bands  in  various  alkali  halides ’ . 139 

2.36  Absorption  spectrum  of  an  unirradiated  NaF  crystal  doped 

with  OH",  measured  at  190  K 139 

2.37  (a)  Absorption  spectrum  of  NaF:0H'  crystal  after  being 
irradiated  for  2.5  hours  at  190  K.  (b)  The  VUV  spectrum 
of  absorption  difference,  after  and  before  the  X 

irradiation 140 

2.38  (a)  Absorption  spectra  of  an  OH'-doped  NaF  before  and 
after  the  irradiation  in  the  OH”  band,  (b)  Change  in 
vacuum  ultraviolet  absorption  spectrum  after  irradiation 

in  the  0H~  band 142 

2.39  Optical  absorption  of  NaF:0H~  in  vacuum  UV  region  at 

room  temperature 143 

2.40  Difference  spectra  (increase  in  absorption  coefficient) 

of  NaF:0H'  at  room  temperature . . 144 

2.41  The  absorption  spectra  of  NaF(Br)  single  crystals  at 

(a)  RT  and  (b)  110  K 146 

2.42  Concentration  dependence  of  the  integrated  absorption 

by  Br"  before  and  after  thermal  treatment  146 

2.43  Far  UV  absorption  spectra  of  NaF(C£)  single  crystals 

with  different  amounts  of  CJl  ions 150 

2.44  Dependence  of  the  absorption  coefficient  of  the  C£  band 

in  NaF  single  crystals 150 

2.45  Absorption  spectra  of  the  Cl  band  in  NaF  single  crystals 

at  different  temperatures  152 

2.46  Absorption  spectra  for  NaF  and  for  divalent  transition 

metal  ions  in  NaF 156 

2+ 

2.47  Absorption  spectrum  of  Co  -doped  NaF 160 


xiii 


LIST  OF  ILLUSTRATIONS  - VOLUME  I (Cont.) 


Figure  Page 

2.48  Absorption  spectra  of  NaF  single  crystals  with  Fe  ion 

impurity 162 

2.49  Absorption  spectra  of  NaF  single  crystals  163 

2.50  Absorption  spectra  of  several  additively  colored  NaF 

crystals 165 

2.51  Summary  of  the  peak  positions  (|),  widths  (m),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  KC£ 168 

2.52  Optical  absorption  of  hydride-doped  KC£,  Kbr,  and  NaC£, 
showing  the  effects  of  UV  irradiation  and  thermal 

annealing 172 

2.53  Optical  absorption  of  hydroxide-doped  KC£,  KBr,  and  NaC£, 
showing  the  effect  of  UV  irradiation  and  thermal 

annealing 173 

2.54  U2-band  absorption  in  NaC£,  KC£,  and  RbC£ 177 

2.55  Temperature  dependence  of  the  bandwidth  at  half  maximum 

of  OH'  and  OD'  bands  in  KC£ 178 

2.56  Temperature  dependence  of  the  maximum  of  OH'  and  OD' 

bands  in  KC£ 178 

2.57  Absorption  spectrum  of  KC£  grown  in  oxygen 180 

18  -3 

2.58  Absorption 'spectra  of  KC£  containing  3.1  x 10  cm” 

0£  centers 182 

1 7 -3 

2.59  Absorption  spectra  of  KC£  containing  7.5  x 10  cm 

0^"  centers 182 

?_ 

2.60  Composition  of  various  0 bands  and  the  color-center 

bands  in  KC£ 185 

2.61  Absorption  spectrum  of  zone-refined  KC£,  showing 

color-center  bands  L2»  L3,  and  L4 187 

2- 

2.62  Absorption  spectra  of  KC£  containing  02  and  0 centers  . . . 188 

2_ 

2.63  Absorption  spectra  of  KC£  containing  0 centers 190 

xiv 


LIST  OF  ILLUSTRATIONS  - VOLUME  I (Cont.) 


Figure  Page 

i 

2.64  Ultraviolet  absorption  of  KC£:SH~  grown  under  3 torr 

of  partial  pressure 192 

2.65  Ultraviolet  absorption  of  KC£:SH’ 192 

2.66  Photochemical  decomposition  of  SH~ 193 

2.67  Absorption  of  S"  centers  in  KC£  at  78  K and  20  C 195 

2.68  Absorption  spectrum  of  KC£:S”  showing  the  weak 
absorption  band  between  the  strong  S'  bands  at 

4.87  eV  and  6.42  eV 195 

2.69  Absorption  spectrum  of  a SH"-doped  KC£  crystal  after 

reduction  with  F centers 197 

2.70  Optical -absorption  spectra  showing  the  effect  of 

photochemical  conversion  of  S^“  to  S' 199 

2.71  Spectra  showing  the  effect  of  annealing  on  S^“  centers 

in  KC£  crystals • . 202 

2.72  Absorption  spectra  of  KC£:KSH 205 

2.73  Absorption  spectra  of  SeH'  in  a KC£  crystal . 207 

2.74  Photochemical  decomposition  of  SeH“  in  KC£ 207 

2.75  The  formation  of  the  precipitated  I^Se  double  band 

after  annealing  of  quenched  KC£ 209 

2.76  The  absorption  spectrum  of  Br"  in  KC£ 213 

2.77  Absorption  bands  of  I"  in  KC£  for  various  iodine 

concentrations  N 214 


xv 


LIST  OF  ILLUSTRATIONS  - VOLUME  II 


Figure  Page 

3.1  Oxygen  and  hydroxyl  contamination  of  CaF2:  (a)  before 

thermal  treatment,  (b)  after  3 hours  at  765  C in  air,  ...  3 

3.2  Absorption  spectra  of  typical  doped  CaF2  crystals  before 

(primed)  and  after  (unprimed)  X irradiation  of  4 * 103  R . . 4 

3.3  Absorption  spectra  after  X irradiation;  I and  II, 

7 x 103  R;  and  III,  4 x 104  R 5 

3.4  X-ray  dose  dependence  of  coloration  of  CaF2:02'  crystals 
at  low  oxygen  concentrations;  (a)  0.0  R,  (b)  4 x lo3  R, 

and  (c)  2.5  x lo5  R 6 

3.5  Absorption  spectrum  of  CaF2:Mn2+  9 

3.6  Absorption  spectra  of  Mn2+  in  different  host  crystals.  ...  10 

3.7  Absorption  spectra  of  CaF2:Co2+  in  the  region  of  the 

A2g  Tlg  transition 13 

3.8  Absorption  spectra  of  CaF2:Co2+  in  the  region  of  the 

-*■  S-jg  (F)  transition  (0.66  - 1.05  eV)  and  the 

AA2g  AT2g  (F)  transition  (0.37  - 0.66  eV) 14 

3.9  Optical  absorption  spectra  of  Co2+  in  fluoride-type 

lattices 15 

3.10  Absorption  spectra  of  Co2+  in  fluoride- type  lattices  ....  16 

3.11  Absorption  spectra  of  Co2+  in  fluoride-type  lattices  ....  17 

' 3.12  Absorption  spectra  of  Ni2+  in  CaF2  and  CdF2 19 

3.13  The  lowest  4f  5d  absorption  band  of  trivalent  rare- 

earth  ions  in  CaF2  host  crystals  at  room  temperature  ....  22 

3.14  Absorption  spectra  of  the  divalent  rare-earth  ions  in 

CaF2  at  room  temperature 25 

3.15  Excitation  spectra  and  fluorescence  spectra  of  Tm2+, 

Er2+,  Ho2+,  and  DyI+  at  77  K 26 

3.16  Optical  absorption  spectrum  of  additively  colored  rare- 

earth-doped  CaF2 28 

xvi 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

3.17  Absorption-band  energy  as  a function  of  the  tri valent  ion 

radius  of  the  impurity 29 

3.18  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2  :0. 1%  La 30 

3.19  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2 : 0 . 1 % Ce 31 

3.20  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2:Gd 32 

3.21  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2 :0. IX  Tb 33 

3.22  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2 :0. 3%  Y 34 

3.23  Ultraviolet  absorption  spectra  of  photochromic  centers  in 

CaF2 :0. IX  Lu 35 

3.24  Green  crystals  of  uranium-doped  CaF2  40 

3.25  Absorption  spectrum  of  a brown  crystal  of  CaF2:lX  U02 41 

3.26  Yellow  crystals  of  uranium-doped  CaF2  42 

3.27  Comparison  of  the  absorption  spectra  of  Np  ions  in  various 

media 44 

3.28  Absorption  spectra  of  CaF2:Np3+  45 

3.29  Absorption  spectra  of  CaF2:Np3+  46 

3.30  Absorption  spectra  of  CaF2:Pu  48 

3.31  Sharp  line  spectra  of  Pu^+  ions  at  77  K in  various  media  ...  49 

3.32  Optical  spectra  of  CaF2:Am  crystals  53 

3.33  Absorption  bands  of  Cm^+  and  Cm4+  in  various  matrices  ....  54 

3.34  Broad  absorption  spectra  of  color  centers  in  actinide-doped 

CaF2  after  3 hours  of  y irradiation 55 


xvii 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  , Page 

3.35  Absorption  spectra  of  additively  colored  and  quenched 

CaF2  measured  at  various  temperatures 60 

3.36  Temperature  dependence  of  the  peak  position  of  the 

a band  of  CaF2  and  the  F band  in  KC2.  and  NaCJl 61 

3.37  Absorption  spectra  of  additively  colored  and  slowly 

quenched  CaF2  measured  at  various  temperatures  62 

3.38  Absorption  spectrum  of  CaF2  colored  by  X irradiation  63 

3.39  Absorption  spectra  of  CaF2  after  X irradiation  64 

3.40  Absorption  spectrum  of  CaF2  irradiated  with  neutrons  65 

3.41  Additively  colored  pure  and  Y-doped  CaF2 66 

3.42  Fluorite-type  lattice  showing  the  two  variants  of 

tetrahedral  F4  centers  67 

3.43  The  effect  of  Na+  ion  impurity  on  the  X-ray  coloration 

sensitivity  of  CaF2 68 

3.44  X-ray  coloration  of  low  concentrations  of  Na+  ions  in 

CaF2 69 

3.45  Optical  absorption  spectrum  of  F centers  in  CaF2 

produced  by  X irradiation  and  by  additive  coloration  73 

3.46  Thermal  bleaching  of  the  377  nm  F band  and  the  314  nm 

H band  produced  by  X irradiation  of  CaF2  at  4 K 74 

3.47  Model  of  the  CaF2  lattice  showing  two  fluorine  vacancies 

along  the  [001]  axis  forming  an  M center 76 

3.48  Comparison  of  the  energy  level  diagrams  for  the  M and  M+ 

centers  aligned  with  the  [001]  axis  in  CaF2 77 

3.49  Absorption  spectrum  of  additively  colored  CaF2  showing 

the  two  strong  M-center  absorption  bands  at  519  and  366  nm  . . 78 

3.50  Dichroism  in  the  M-band  region 79 

3.51  Dichroism  in  the  Mp-band  region 80 

3.52  Absorption  spectra  of  CaF2:Sr 82 

xviii 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

3.53  Absorption  spectra  of  CaF2:B a 83 

3.54  Comparison  of  the  absorption  spectra  of  CaF2  and  SrF2 
crystals  after  additive  coloration,  subtractive  colora- 
tion by  X irradiation,  and  X-irradiated  Li',  Na'  and 

K-doped  crystals  84 

3.55  Absorption  spectrum  of  pure  and  manganese-doped  CaF2 

crystals  prior  to  X irradiation 86 

3.56  Absorption  spectrum  of  X-irradiated  pure  and  manganese- 

doped  CaF2 87 

3.57  Transmittance  of  MgF2  before  and  after  irradiation  by 

1014  electrons/cm2  at  1.0  MeV  and  at  2.0  MeV 90 

3.58  Optical  properties  of  magnesium  fluoride  90 

3.59  Temperature  dependence  of  the  absorption  edge  of  MgF2 92 

3.60  The  temperature  dependence  of  the  short  wavelength  trans- 
mittance limit  of  various  vacuum-ultraviolet  materials  ....  93 

3.61  Vacuum-ultraviolet  spectra  of  Mn2+  in  different  host 

crystals 95 

3.62  Ultraviolet  spectra  of  crystals  containing  Fe2+  and/or 

Ni 2+ 96 

3.63  Vacuum-ultraviolet  spectra  of  Co2+  in  different  host 

crystals 97 

3.64  Crystal  field  splitting  of  the  3d6  orbital  of  Fe2+  in 

D2h  symmetry 100 

3.65  Absorption  spectrum  and  one-phonon  portion  MgF2:Fe2+ 100 

3.66  Absorption  spectrum  of  MgF2:Fe2+  between  0.905  and 

0.955  eV  at  6 K and  40  K 101 

i 

3.67  Room-temperature  absorption  spectra  illustrating  the 

enhancement  of  the  spin-forbidden  transitions  for  Co2+, 

Ni2+,  and  Mn2+  impurity  ions  in  MgF2 103 

3.68  MgF2  lattice 107 

3.69  Absorption  spectra  of  neutron-irradiated  MgF2  crystals.  ...  107 


xix 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 


3.70  Relation  between  the  optical  densities,  O.D.,  of 

10.6  eV-  and  F-bands 108 

3.71  Absorption  spectra  of  two  samples  of  MgF2  cut  with 
different  orientations  and  irradiated  to  about  the 

same  y dose 109 

3.72  Effect  of  radiation  intensity  on  the  room- temperature 

colorability  of  MgF2 Ill 

3.73  Colorability,  at  one  irradiation  temperature  and  intensity, 

of  samples  obtained  from  a number  of  different  commercial 
sources 112 

3.74  Plot  of  the  F-center  concentration  versus  energy  absorbed 

as  a function  of  irradiation  temperature  113 


3.75  Plot  of  the  absorption  coefficient  versus  photon  energy 

for  one  sample  irradiated  at  two  different  temperatures  ...  113 

3.76  Total  area  under  the  absorption  bands  at  370  and  400  nm 
is  plotted  versus  the  square  of  the  total  area  under  the 

260  nm  absorption  band  for  two  different  temperatures  ....  114 


3.77  Normalized  absorption  and  emission  at  7 K of  the  M ( C2h ) 

center 116 

3.78  Plot  of  the  absorption  coefficient  versus  photon  energy 
for  an  MgF2  crystal  additively  colored  at  1200  C and 
740  torr  before  y-irradiation  and  following  a y-dose  of 

2.4  x 1015  MeV/cm3 117 

3.79  Colorability  of  an  additively  colored  MgF2  crystal  as 
compared  with  the  colorability  of  similar  crystals 

heated  in  an  inert  atmosphere  119 

4.1  Two-dimensional  representation  of  (a)  crystalline  and 

(b)  glassy  Si 02 126 

4.2  Schematic  representation  of  modified  silicate  network  ....  128 

4.3  Ultraviolet  absorption  edges  of  high-purity  (1)  crystalline 
quartz,  (2)  fused  silica,  and  (3)  NRL  2 Si02  - 1 Na20 

glass 130 

4.4  Reflectance  spectra  of  high-purity  (1)  crystalline  quartz 
and  (2)  of  used  silica  showing  the  lowest  energy  peaks  at 

10.2  eV  and  11.5  eV  above  the  absorption  edge 131 


xx 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.5  Intrinsic  scattering  loss  of  fused  silica,  soda-lime- 

silicate,  and  for  comparison,  the  liquid  CCJI4 132 

4.6  Intrinsic  absorption  loss  for  fused  silica  and  soda-lime- 

silicate  133 

4.7  Total  intrinsic  loss,  which  is  the  sum  of  the  absorption 
and  scattering  ^sses,  in  fused  silica  and  soda-lime- 

silicate  135 

4.8  Effect  of  aluminum  addition  on  the  ultraviolet  transmit- 
tance of  alkali-doped  Si02 136 

4.9  Reflectance  spectra  of  two  binary  silicate  glasses 137 

4.10  Transmittance  spectra,  showing  the  onset  of  optical  absorp- 
tion, of  several  Corning  and  Amersil  glasses  140 

4.11  Optical  absorption  edges  of  several  typical  high-purity 

silicate  glasses  141 

4.12  Optical  absorption  spectra  of  undoped  and  iron-doped 


3 Si O2  - 1 Na20  glass  melted  in  an  oxidizing  atmosphere  . . . 142 

4.13  Absorption  spectra  of  copper-doped  glasses  melted  in  a 


reducing  atmosphere  144 

4.14  Absorption  spectra  of  copper-doped  glasses  melted  in  air.  . . 144 

4.15  Absorption  spectrum  of  irradiated  fused  silica  resolved 

into  individual  bands  146 

4.16  Model  of  the  E2  center 147 

4.17  Absorption  spectra  of  undoped  fused  silica  unexposed  and 
exposed  to  various  doses,  and  exposed  to  5 x 10®  rad 

after  heat  treatment 149 

4.18  Optical  absorption  of  a-quartz  crystal  as  a function  of 

irradiation  and  thermal  treatment  150 

4.19  Transmittance  of  fused  Si02  before  and  after  irradiation 

by  1011  electrons/cm2  at  1.0  MeV  and  at  2.0  MeV 151 

4.20  Transmittance  of  Corning  7940  fused  Si02  before  and  after 

irradiation  resulting  from  1014  electrons/cm2  at  2.0  MeV 
incident  on  a sapphire  shield  152 


xxi 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.21  Transmittance  of  Dynasil  1850A  fused  Si 02  before  and 
after  irradiation  resulting  from  1014  electrons/cm2  at 

2.0  MeV  incident  on  a sapphire  shield 152 

4.22  Transmittance  of  Corning  9-54  (Vycor)  before  and  after 

irradiation  resulting  from  1014  electrons/cm2  at  2.0  MeV 
incident  on  a sapphire  shield 153 

4.23  Transmittance  of  Corning  7-54  before  and  after  irradiation 
resulting  from  1014  electrons/cm2  at  2.0  MeV  incident  on 

a sapphire  shield 154 

4.24  Optical  absorption  spectra  of  X-irradiated  (exposure 

= 106  R),  alkali-doped  fused  silica  showing  the  E2  and  Ei 

bands  at  5.4  and  5.8  eV  and  the  hole  band  at  7.6  eV 157 

4.25  Absorption  spectra  of  alkali-doped  fused  silica 

y-irradiated  to  107  rad 158 


4.26  Absorption  spectra  of  fused  silica  doped  with  0.2%  Ait  and 

0.2%  of  the  various  alkalis  and  y-irradiated  to  107  rad.  . . . 160 


4.27  Optical  absorption  of  X-irradiated  (=  106  R)  fused  silica 

co-doped  with  aluminum  and  alkali  161 

4.28  Absor-ption  spectra  of  fused  silica  doped  with  2.0%  Ait  and 

Y-irradiated  to  various  doses  162 

4.29  Comparison  of  irradiated  fused  silica  and  irradiated 

quartz 163 

4.30  Optical  absdrption  spectra  of  two  X-irradiated,  air- 

melted,  high-purity  silicate  glasses  164 

4.31  Absorption  spectra  of  fused  silica  doped  with  0.2%  Li  and 

0.2%  AJt  and  y-i rradiated  to  various  doses 166 

4.32  Absorption  spectra  of  fused  silica  doped  with  0.2%  Cs  and 

0.2%  A£  and  y-irradiated  to  various  doses 167 

4.33  Resolution  of  an  absorption  spectrum  into  individual 

Gaussian  bands  168 

4.34  Absorption  spectra  of  fused  silica  doped  with  various 

amounts  of  Ga  and  Li  and  exposed  to  various  doses 170 

4.35  A comparison  of  the  permanent  damage  observed  in  Corning 

7943  silica  (after  Arnold  and  Compton)  with  the  transient 
coloration  measured  immediately  after  the  electron  pulse 
irradiation 171 


xx  ii 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.36  The  decay  rate  of  the  transient  absorption  and  emission  at 

4.2  K 173 

4.37  Schematic  diagram  of  postulated  steps  involved  in  the  for- 
mation and  annihilation  of  transient  E'  center 174 

4.38  Proposed  band  gap  model  of  the  transient  radiation  effects 

of  Si02,  permitting  both  radiative  and  non-radiative 
recombination  of  holes  with  E'  centers 175 

4.39  Optical  absorption  in  fused  silica  (Corning  7940) 

implanted  with  H+,  He+,  A+,  Kr+,  and  Xe+  ions 177 

4.40  Optical  absorption  in  fused  silica  (Corning  7940)  which 
was  first  implanted  with  5 x lo15  400  keV  Xe+  ions/cm2 

and  then  with  1 x 1014  400  keV  H+  ions/cm2 178 


4.41  Proposed  models  for  the  215  nm  absorption  band,  the 

245  nm  impurity  band,  and  the  245  nm  (B2)  damage  band  ....  181 

4.42a  Absorption  coefficient  of  pure  A£203,  showing  the  sharp 
rise  in  the  absorption  coefficient  at  the  absorption 
edge  near  8.64  eV  and  the  rather  long  and  strong  secon- 
dary absorption  tail  extending  to  approximately  7.2  eV.  . . . 183 


4.42b  Replot  of  the  average  6 from  4.42a  on  an  exponential 

scale  showing  that  8 is  not  exponential 184 

4.43  Transmittance  spectra  of  AJ1203,  showing  the  effects  of 

electron  irradiation 186 

4.44  Absorption  spectrum  of  Ti3+  in  A£203 189 

4.45  Absorption  spectrum  of  V3+  in  A£203  190. 

4.46  Absorption  spectrum  of  Cr3+  in  A£203  191 

4.47  Absorption  spectrum  of  Mn3+  in  A£203  192 

4.48  Absorption  spectrum  of  Co3+  in  A£203  193 

4.49  Absorption  spectrum  of  Ni3+  in  corundum 194 

4.50  Vibrational  structure  of  the  first  strong  band  of  Co3+ 

in  A£203  196 

4.51  Vibrational  structure  of  the  first  strong  band  of  V3+ 

in  A£203  197 


xxi  i 1 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.52  Vibrational  structure  of  the  first  strong  band  of  Cr3+ 

in  A2.2O3 T98 

4.53  Absorption  spectra  of  Cr3+  in  A£203  at  various 

temperatures  200 

4.54  Absorption  spectra  of  Co3+  in  A£203  at  various 

temperatures  201 

4.55  Absorption  spectrum  of  AZ203  doped  with  V3+  showing  the 
charge-transfer  threshold  at  5.75  eV  and  the  low-energy 

bands  due  to  intra-d-shel  1 transitions 202 

4.56  Absorption  spectrum  of  A£203  doped  with  Ti3+ 203 

4.57  Absorption  spectrum  of  A£203  doped  with  Cr3+  (ruby) 

showing  an  intense  charge-transfer  peak  at  6.94  eV  204 

4.58  Absorption  spectra  of  A£203  doped  with  Mn4+ 205 

4.59  Absorption  spectrum  of  AH2O3  doped  with  Fe3+ 206 

4.60  Absorption  spectrum  of  AZ203  doped  with  Ni3+ 207 

4.61  Energy-level  diagram  for  d5  and  the  absorption  spectrum 

of  a natural  yellow  A£203  containing  0.99%  Fe3+ 211 

4.62  Absorption  spectrum  (E  perpendicular  to  c)  of  synthetic 

A£203  doped  with  0.7%  Fe  at  various  temperatures 212 

4.63  Absorption  spectrum  of  natural  blue-green  AH2O3  con- 
taining titanium  and  0.62  percent  iron 213 

,4.64  Absorption  spectra  of  two  A£203  crystals  X-irradiated  to 

saturation 215 

4.65  Absorption  spectrum  of  y-irradiated  A£203  following 

bleaching  216 

4.66  Absorption  spectra  of  neutron-irradiated  and  electron- 

irradiated  A&2O3 218 

4.67  Absorption  spectra  at  20  and  -185  C of  A«,203  neutron- 

irradiated  at  pile  temperature 219 

4.68  Anisotropy  of  absorption  induced  by  neutron  irradiation 

nf  A£20, 220 


xx  iv 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.69  Anisotropy  of  absorption  induced  by  electron  irradiation 

of  AJt.203  221 

4.70  Absorption  spectra  of  neutron-irradiated  UV-grade  A£.203  . . . . 222 

4.71  Effect  of  optical  bleaching  with  410  nm  (3.02  eV)  light 

on  the  absorption  spectrum  of  A£203  after  neutron  irradia- 
tion and  y irradiation 223 

4.72  Absorption  spectra  of  A&203  after  irradiation  by  14  MeV 

neutrons  and  fission  neutrons 225 

4.73  Absorption  spectra  of  A£203  crystals  implanted  with  H+, 

D+,  4He+  and  0+  ions 226 

4.74  Absorption  spectra  of  unirradiated  and  3 MeV 

Ne+-bombarded  MgO  crystals  229 

4.75  Reflectance  spectrum  of  MgO  for  a 15  degree  angle 

of  incidence 231 

4.76  Optical  absorption  in  the  absorption  edge  region  of 
a thin  film  of  magnesium  oxide  on  a lithium  fluoride 

substrate 231 

4.77  Absorption  spectrum  of  V3+  in  MgO 232 

4.78  Effects  of  consecutive  heat  treatments  on  the  optical 

absorption  in  V-doped  MgO 232 

4.79  Representations  of  the  (001)  plane  of  MgO  showing  the 

environments  of  Cr3+  ions  in  non-cubic  sites 234 

4.80  Absorption  spectrum  of  Cr3+-doped  MgO  235 

4.81  Absorption  spectrum  of  Cr3+-doped  MgO  in  the  region  of 

the  4A2  -*•  2Ti  transition 235 

4.82  Temperature  dependence  of  the  4T2  and  4T3  bands  in 

Mg0:Cr3+ 237 

4.83  Absorption  and  fluorescence  in  the  same  sample  of  Cr3+- 

doped  MgO  at  liquid-nitrogen  temperature 238 

4.84  Absorption  and  fluorescence  in  the  same  sample  of  Cr3+- 

doped  MgO  at  liquid-nitrogen  temperature 238 

4.85  Optical  absorption  spectra  after  three  heat  treatments 

of  an  MgO  crystal  containing  5000  ppm  Fe 239 


xxv 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  - Page 

4.86  Optical  density  enhancement  of  an  MgO  crystal  following 

an  annealing  at  1250  C in  an  oxidizing  atmosphere 241 

4.87  Increase  in  optical  absorption  of  an  MgO  crystal  result- 
ing from  X irradiation  at  room  temperature 241 

4.88  Variation  of  the  saturation  absorption  at  285  nm  (4.35 
eV)  with  Fe  content  in  MgO  upon  y-irradiation  and  upon 

heating  in  air  at  1400  C 242 

4.89  Infrared  spectrum  of  Co2+  in  MgO 244 

4.90  Visible  spectrum  of  Co2+  in  MgO 245 

4.91  Visible  spectrum  of  Co2+  in  MgO 245 

4.92  Energy  level  diagram  of  Co2+  in  MgO 246 

4.93  Near- infrared  spectrum  of  Ni2+  in  MgO 247 

4.94  Visible  spectrum  of  Ni2+  in  MgO 248 

4.95  Energy  level  diagram  showing  the  assignments  of  the 

observed  optical  transitions  of  Ni2+  in  MgO 249 

4.96  Absorption  spectrum  of  3T2  band  of  MgO:Ni  at  79  and 

208  K 250 

4.97  Absorption  spectrum  of  3Tia  band  of  MgO :Ni  at  8,  130, 

and  222  K 251 

4.98  Absorption  spectrum  of  ^T2  band  of  MgO : Ni  at  8,  121, 

and  208  K 252 

4.99  Absorption  spectrum  of  3Tib  band  of  MgO:Ni  at  8,  121, 

and  208  K 253 

4.100  The  2.3  eV  (539  nm)  band  in  MgO  resulting  from  gamma  or 

electron  irradiation  at  5,  78,  and  295  K 254 

4.101  Room- temperature  decay  rates  of  the  2.3  eV  (539  nm)  band 
in  different  MgO  crystals  irradiated  to  saturation  by  a 

gamma  source 255 

4.102  Absorption  coefficient  of  the  2.3  eV  (539  nm)  band 

resulting  from  y-irradiation  to  saturation  in  MgO  crys- 
tals quenched  from  various  temperatures  255 

xxvi 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 


Figure  Page 

4.103  Schematic  representations  of  the  structures  of  Vgut  V”, 

V°,  and  Vp  centers  in  alkaline-earth  oxides 258 

4.104  Induced  optical  absorption  spectra  of  X-irradiated  MgO 

crystal  at  77  K 260 

4.105  Comparison  of  the  optical  absorption  bands  assigned  to 

the  V",  the  VgH,  and  the  V°  centers  in  MgO 261 

4.106  Optical  absorption  spectrum  of  MgO:Na  after  electron 

irradiation  at  77  K 262 

4.107  The  growth  of  the  250  nm  (5.0  eV)  band  as  a function  of 

1 MeV  neutron  dose  in  MgO 264 

4.108  Optical  absorption  spectra  of  a neutron-irrad’ated  MgO 

crystal  measured  at  three  different  temperatures  265 

4.109  Absorption  spectra  of  an  additively  colored  MgO  crystal  . . . 266 

4.110  Absorption  spectra  illustrating  the  reproducibility  of 

the  F ->■  F+  photoconversion  process  267 

4.111  Absorption  spectra  of  MgO  crystal  irradiated  with 

2.2  x 10 18  neutrons/cm2  and  annealed  for  10  min  at  the 
temperatures  indicated 269 


4.112  Some  models  for  orthorhombic  F-aggregate  centers  and 

their  possible  assignments  to  zero-phonon  lines  in  MgO.  ...  271 

4.113  Models  and  molecular  orbital  schemes  for  trigonal 
F-aggregate  centers  and  their  possible  assignments  to 


zero-phonon  lines  in  MgO 272 

4.114  Comparison  of  the  absorption  spectra  of  MgO  crystals 

irradiated  with  2 MeV  electrons  or  neutrons 273 


4.115  Spectra  of  MgO  crystal  irradiated  with  29  MeV  electrons..  . . 274 


4.116  Normalized  absorption  coefficient  at  the  peak  of  the  F 
band  (5.0  eV)  versus  annealing  temperature  for  electron- 
irradiated,  neutron- irradiated,  and  additively  colored 

MgO  crystals 276 

4.117  Room-temperature  spectra  of  MgO  bombarded  with  3 MeV  Ne+ 

at  77  K and  at  300  K to  a fluence  of  10 14  cm-2 276 


xxvii 


LIST  OF  ILLUSTRATIONS  - VOLUME  II  (Cont.) 

Figure  Page 

4.118  Temperature  and  dose  dependence  of  the  absorption 

spectrum  of  MgO  before  irradiation  with  Ne+  ions 277 

4.119  Room- temperature  spectra  of  absorption  remaining 
after  isochronal  annealing  of  samples  receiving 

a dose  of  1015  3 MeV-Ne+  cm"2 278 

4.120  Normalized  absorption  spectra  comparing  the  5.8  eV  (214  nm) 
band  in  MgO  resulting  from  Ne+  bombardment,  deformation, 

and  deformation  followed  by  y-irradiation 280 

4.121  Room-temperature  absorption  induced  by  3 MeV  20Ne+,  by 

3 MeV  H+,  and  by  fast  neutrons 281 


xxviii 


LIST  OF  TABLES  - VOLUME  I* 

Table  Page 

1.1  Defect  center  nomenclature  and  description 49 

1.2  Intrinsic  crystalline  structural  data,  ultraviolet-, 
infrared-cutoffs,  and  major  color-center  absorption 

bands 54 

2.1  Positions  [eV]  of  features  in  the  absorption  spectra 

of  the  alkali  halides 67 

2.2  Optical  properties  of  F centers  in  alkali  halides  73 

2.3  Optical  properties  of  bands  in  alkali  halides 74 

2.4  Optical  properties  of  R centers  in  alkali  halides  75 

2.5  Wavelength  of  absorption  of  electron  trap  centers 

(nm) 76 

2.6  Wavelength  of  absorption  of  hole  trap  centers  (nm) 77 

2.7  Absorption  properties  of  F and  Fft  centers 78 

2.8  Position  of  absorption  maxima  (nm)  for  U,  OH”,  Z, , and 

Z2  centers  in  alkali  halides 79 

2.9  Optical  absorption  peaks  of  Tt+  (eV)  in  alkali  halides.  ...  80 

2.10  Optical  absorption  peaks  of  a and  8 bands  (nm)  in 

alkali  halides 81 

2.11  Summary  of  the  peak  positions  (I),  widths  (»— 1),  and 
oscillator  strengths  (numbers)  of  the  impurity  spectra 

for  Li  F 84 

2.12  Peak  positions  and  widths  (full  width  at  half  maximum) 

of  U-band  absorption  lines  in  Li F 95 

2.13  Summary  of  spectral  data  for  Li F and  NaF  doped  with 

transition-metal  ions 104 

2.14  Peak  positions,  half-widths,  and  oscillator  strengths 

of  various  color  centers  in  Li F :Ti 105 

2.15  Absorption  bands  in  nickel-doped  Li F 115 

2.16  Colloidal  bands  of  Li,  Na,  and  K (nm)  in  LiF 132 

♦Ninth  Technical  Report,  30  June  1977. 


xxix 


LIST  OF  TABLES  - VOLUME  I (Cont.)* 


Table 

2.17 

2.18 

2.19 

2.20 

2.21 

2.22 

2.23 

2.24 

2.25 

2.26 

2.27 


♦Ninth 


Page 

Parameters  of  the  Br"  bands  in  NaF(Br)  single  crystals.  . . . 148 
Summary  of  Br~-band  results  of  several  investigators 149 


Summary  of  the  spectral  data  and  the  energy  separation 

values  of  CZ~  band  in  NaF  at  various  temperatures 153 

Summary  of  the  characteristics  of  observed  localized 

exciton  absorptions  in  various  alkali  halides  1 . . 154 

Ultraviolet  bands  observed  in  transition-metal  ions 

in  NaF 157 

The  experimental  data  at  80  K and  the  analysis  of  the 
absorption  spectrum  of  Co2+  in  NaF 161 

Spectral  positions  and  bandwidths  [eV]  of  absorption 
bands  in  hydride-  and  hydroxide-doped  NaCt,  KC&,  and 
KBr  crystals 171 

Spectral  positions  and  bandwidth  [eV]  of  oxygen  bands 

ir,  KCt  at  78  K 183 

Spectral  positions  and  bandwidths  of  SH"-related  centers 

in  KC£  at  78  K 201 

Absorption  bands  of  SH~,  I~,  and  S in  KC£  and  KBr 

crystals 206 

Absorption  b$nds  of  SeH'-related  centers  in  KC&  and 

KBr  crystals  at  20  K 211 


Technical  Report,  30  June  1977. 


xxx 


LIST  OF  TABLES  - VOLUME  II 


Table  Page 

3.1  Band  maxima  of  the  absorption  and  emission  transitions 

of  disturbed  F2  centers  in  CaF2 8 

3.2  Spectral  position  [eV]  of  the  3d  3d  peaks  of  Mn2+  in 

NaC£,  LiF,  and  CaF2  crystals 12 

3.3  Absorption  bands  of  nickel  in  CaF2:Ni2+  and  CdF 2 : Ni 2+ 20 


3.4  The  ground  state  configurations,  transition  energies  and 
absorption  cross-sections  of  the  lowest  4f  -*■  5d  band  of 
the  trivalent  rare-earth  ions  in  CaF2  at  room  temperature  ...  23 


3.5  Lines  which  grow  into  CaF2:Pu3+  crystals  due  to  radiation 

damage 50 

3.6  Comparison  of  the  centroids  of  sharp  lines  of  Pu3+ 51 

3.7  Wavelengths  (nm)  of  broad  absorptions  of  tripositive 

ions  in  CaF2 58 

3.8  Position  of  absorption  peaks  in  natural  and  synthetic 

colored  CaF2  crystals ’ . . 59 

3.9  Absorption  bands  of  the  transition-metal  ions  in  fluoride 

host  crystals  from  5 to  10  eV 98 

3.10  Mn2+  and  Ni2+  transitions  in  MgF2  crystals 104 

3.11  Co2+  transitions  in  MgF2  crystals 105 

3.12  Impurity  analyses  of  samples  (yg/g) 108 

3.13  Narrow-line  transitions  in  MgF2 116 

4.1  Energies  of  reflection  peaks  in  silicate  glasses 138 

4.2  Flame-photometric  determination  of  alkali  in 

doped  silica 156 

4.3  Absorption  maxima  and  widths  of  individual  absorption 

bands  in  irradiated  doped  fused  silica 169 

4.4  Partition  of  250  keV  accelerating  energy  into 
electronic  (e)  and  nuclear  (v)  interaction  processes 

for  various  ions 179 


xxxi 


Table 

4.5 

$ 

4.6 

4.7 

4.8 

4.9 

4.10 

4.11 


LIST  OF  TABLES  - VOLUME  II  (Cont.) 


Page 

Summary  of  ground-  and  excited-state  assignments, 

Dq  values,  centroids  of  strong  bands  (v  in  eV), 
and  f-numbers  (f*104)  of  observed  intra-d-shell 


transitions  of  trivalent  ions  in  A£203  at  77  K 188 

Vibrations  of  aluminum  oxide.  Symmetry 

classification  D3C| 195 


Summary  of  data  obtained  from  spectra  of  Figs.  4.55 
to  4.60  and  comparison  with  the  threshold  valq.es  pre- 
dicted from  Eq.  (4.1)  of  the  text  for  the  charge- 


transfer  process.  All  energies  are  expressed  in  eV 209 

Impurity  analyses  of  Oak  Ridge  National  Laboratory 

and  Spicer  MgO  crystals 228 

Designations,  impurity  concentrations,  and  the 

colorability  of  2.3  eV  (539  nm)  V band  in  MgO 

crystals  from  various  sources  257 

Optical  parameters  for  V°,  V",  and  VgH  centers  in  MgO.  ...  261 

Zero-phonon  lines  and  phonon-assisted  transitions 

in  MgO 270 


xxxii 


Sec.  Ill -A  and  III -B  CaF^ 

ID.  ALKALINE-EARTH  FLUORIDES 

A.  Intrinsic  Properties  of  Calcium  Fluoride 

The  intrinsic  Urbach  ultraviolet  absorption  edge  (which  is  taken  as  the 
frequency  at  which  the  absorption  coefficient  j8  =5  cm  for  calcium  fluoride 
at  room  temperature  is  at  10. 07  eV  (123  nm),  according  to  the  absorption 
spectra  in  Fig.  2.  I*  By  the  same  criteria,  the  intrinsic  infrared  absorption 

Q 1 

edge  ’ of  CaF2  at  room  temperature  is  at  0. 114  eV  (10.87  pm).  The  American 

2 7 

Institute  of  Physics  Handbook  ' contains  tables  of  the  refractive  index  of  CaF2 
from  the  ultraviolet,  where  n = 1.4764  at  5.41  eV  (229  nm),  to  the  infrared, 
where  n = 1.  3076  at  0. 128  eV  (9. 72  pm). 

B.  Calcium  Fluoride  + 

Coloration  of  calcium  fluoride  has  been  accomplished  by  additive  coloration 
in  calcium  vapor,  electrolytic  coloration,  addition  of  impurity  ions,  irradiation 
with  X-rays  or  y- rays,  and  bombardment  by  electrons  or  neutrons.  The  spectra 
vary  widely,  depending  critically  on  the  thermal  history,  annealing,  trace  im- 
purities, radiation  dose,  and  exposure  to  visible  or  ultraviolet  light.  Calcium 
fluoride  is  much  more  difficult  to  color  by  radiation  than  are  the  alkali  halides, 
and  the  color  centers  formed  are  very  sensitive  to  the  impurities,  quenching  rate, 
and  irradiation  temperature.  Attempts  to  identify  the  intrinsic  color  centers  of 
CaF2  (as  distinct  from  color  centers  associated  with  impurities  or  impurity 
transitions)  by  comparison  with  the  alkali  halides  resulted  in  ambiguous  identi- 
fications of  the  different  spectra  in  the  early  literature.  Only  recently  has  the 
problem  been  resolved. 


* Volume  I,  30  June  1977. 

* See  summary  Figures  1.5  and  1. 12  of  Volume  I. 
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Sec.  III-B  CaF2 

1.  O and  S in  CaF2  . 

A steep  rise  in  the  absorption  coefficient  of  CaF2  at. wavelengths  shorter  than 

220  nm  (5. 64  eV)  that  is  present  before  X-  irradiation,  is  generally  considered  to 

3 Isl  3 2 3 3 

be  indicative  of  oxygen  ' ’ or  hydroxyl0’  ° contamination.  This  peak,  shown 

3 3 

in  Fig.  3. 1,  ' ‘ is  far  short  of  the  fundamental  band-gap  absorption  edge  at  125  nm 
3 4 

(9.  92  eV)  ' . The  absorption  spectra  of  typical  crystals  from  three  allomorphic 

groups  exhibiting  this  steep  rise  are  shown  in  Fig.  3.2  before  and  after  X-irradia- 

3 5 

tion  at  300  K,  and  in  Fig.  3. 3 after  X-irradation  at  77  K.  * The  dose  dependence 

of  room-temperature  X-ray  coloration  is  shown  in  Fig.  3. 4 for  oxygen-doped 

3 5 

crystals.  Rauch,  et  al. , ' have  assigned  the  following  impurities  to  the  three 
spectral  groups:  I.  Y^+and  O , II.  O , and  III.  S . The  three  groups 
are  clearly  distinguishable  by  a combination  of  their  photoluminescence  spectra 
at  77  K after  room-temperature  X-ray  coloration,  and  their  thermoluminescence 
spectra  after  low-temperature  X-ray  coloration. 

The  so-called  UV  oxygen  absorption  at  ~200  nm  (6.2  eV)  is  apparently  due 

_ 3 2 3 6 

to  some  type  of  oxygen  - F vacancy  complex.  * Burr,  et  al. . * have  shown 

3+ 

that  when  oxygen  is  compensated  by  bivalent  ions,  e.  g. , Y , the  LTV  absorption 
probably  corresponds  to  a fundamental -band  transition  locally  modified  by  the 
impurity  ion,  similar  to  the  a.  band  in  alkali  halides,  rather  than  direct  excita- 
tion of  O . Since  X-irradiation  leads  to  the  occupation  of  fluoride  vacancies 
by  electrons,  a decrease  in  the  UV  absorption  is  expected  even  though  there  is 
partial  compensation  of  this  effect  by  the  formation  of  UV-absorbing  centers. 
This  can  be  seen  in  the  spectrum  of  the  weakly  absorbing  crystals  of  Figure  3.4. 

Upon  room-temperature  X-ray  coloration,  all  the  crystals  develop  the 

3 5 

characteristic  two-band  absorption  spectra  shown  in  Fig.  3.2.  Rauch,  et  al. , ’ 
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Sec.  III-B  CaF2 


Wavelength  (nm) 


Fig.  3.1.  Oxygen  and  hydroxyl  contamination  of  CaF2: 
(a)  before  thermal  treatment,  (b)  after  3 hours  at 
765  C in  air.  [W.  Bontinck,  Physica  24,  650  (1958).] 
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Photon  energy  (eV) 


Photon  energy  (10^  cm 


Fig.  3.2.  Absorption  spectra  of  typical  doped  CaF_  crystals 

^ 3 

before  (primed)  and  after  (unprimed)  X irradiation  of  4 x 10  R. 
[ R.  Rauch,  R.  Reimann,  and  G.  Schwotzer,  Phys.  Stat.  Sol.  (a) 
23,  69  (1974).] 
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Sec.  III-B  CaF2 


Photon  energy  < e V ) 


Fig.  3.4.  X-ray  dose  dependence  of  coloration  of  CaF^:  0^~ 
crystals  at  low  oxygen  concentrations:  (a)  0.0  R,  (b)  4 x 103R, 
and  (c)  2.5  * 10^  R.  [ R.  Rauch,  R.  Reimann,  and  G.  Schwotzer, 
Phys.  Stat.  Sol.  (a)  23,  69  (1974).] 
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apparently  assign  the  high-frequency  band  at  ~ 370  nm  (3. 35  eV)  to  F-center 
absorption,  and  the  low-frequency  band  at  ~ 550  nm  (2.25  eV)  to  absorption  by 
F2  centers  oriented  along  the  ( 100)  directions.  Comparison  of  the  X-ray 
colored  spectrum  of  impurity-doped  CaF2  with  that  of  additively  colored  CaF2 
indicates  that  the  low-frequency  band  in  impure  CaF2  is  produced  by  F2  centers 
distributed  by  the  presence  of  the  impurity  ions.  Table  3. 1 illustrates  the  degree 
of  disturbance  by  a comparison  of  the  shift  in  the  F-center  absorption  and  emission 
peaks  with  respect  to  those  of  pure  CaF2  . The  strongly  disturbed  transitions 
are  due  to  impurity  ions  on  sites  neighboring  the  F2  center,  while  for  weakly 
disturbed  F2  centers  the  impurity  ions  are  in  more  distant  shells.  When 
stored  in  the  dark  the  stability  of  X-ray  coloration  is  quite  different  for  the 
three  groups  of  crystals.  The  coloration  of  the  purely  oxygen-doped  crystals 
was  so  unstable  that  the  extinction  coefficient  decayed  to  a tenth  of  its  original 
value  in  24  h.  In  contrast,  the  optical  density  of  the  yttrium-oxygen  and  sulfur- 
doped  crystals  remained  virtually  unchanged  in  24  h , but  there  were  some  shifts 
in  the  positions  of  the  absorption  bands  indicating  rearrangement  of  the  color 
centers. 

2.  Transition-metal  ions  in  CaF2- 

2+  3 9 3 10 

a.  Mn  in  CaF2 . The  absorption  spectrum  ' of 

2+  c 

CaF2  : Mn , (3d° ) in  the  ultraviolet  and  vacuum-ultraviolet  regions  is  shown 

in  Figs.  3.5  and  3.6,  respectively.  EPR  spectroscopy  indicates  that  in  CaF2 
2+  2+ 

the  Mn  ions  substitute  for  the  Ca  ions  on  their  cubic -symmetry  lattice 
3 11 

sites.  ' The  crystals  used  for  the  absorption  spectrum  of  Fig.  3.5  were 

2+ 

clear  and  transparent  with  a Mn  concentration  of  180  ppm.  The  spectrum 
has  three  very  intense  bands  at  200  nm  (6. 2 eV),  185  nm  (6. 67  eV),  and 
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I-B  CaF2 


Table  3.1.  Band  maxima  of  the  absorption  and  emission 
transitions  of  disturbed  F?  centers  in  CaF^.  [R.  Rauch, 
R.  Reimann,  and  G.  Schwotzer,  Phys.  Stat.  Sol.  (a)  23^ 
69  (1974). 


Absorption/Emission  (nm) 

Strongly 

Disturbed 

Weakly 

Disturbed 

CaF2  pure  [3.7] 

520/ 

586 

CaF2:0‘" 

565/684 

525/610 

CaF2:Na+  [3.8] 

615/755 

530/620 

CaF2:Li+  [3.8] 

625/810 

530/625 

CaF2:S” 

500/760 

— 
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Wavelength  (nm) 

190  170  150 


iso 


2.0 


1.0 


2+ 

Fig.  3.6.  Absorption  spectra  of  Mn  in  different  host  crystals; 

solid  lines  - room  temperature,  dashed  lines  -4.2  K.  CaF0:Mn, 

2+  ‘ 

t = 1.01  mm,  also  contains  Fe  with  a peak  at  145  nm  (8.56  eV); 
KMgF^Mn,  i.  - 0.46  mm;  MgF^iMn,  l = 0.71  mm.  [ J.  F.  Sabatini, 
A.  E.  Sal win,  and  D.  S.  McClure,  Phys.  Rev.  B1J_,  3832  (1975).] 
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172  nm  (7. 2 eV),  a weak  shoulder  at  230  nm  (5. 39  eV),  and  weak  bands  at  290  nm 
(4. 28  eV)  and  400  nm  (3. 1 eV).  The  three  low-frequency  weak  bands  are  assigned 
to  3d  -»  3d  crystal-field  transitions  because  these  transitions  are  forbidden  by 
parity-  and  spin-selection  rules.  The  assignment  of  these  transitions  has  been  made 
in  Table  3.2  by  comparison  with  the  well  resolved  and  assigned  spectra0*  ’ * ’ * 

of  NaCl:Mn^+  and  LiF:Mn2+. 

The  three  strong  peaks  in  Fig.  3.  5 plus  the  band  in  Fig.  3.  6 at  156  nm  (7.  9 eV) 

are  probably  due  to  either  intra -ionic  3d  -»  4p  dipole -allowed  transitions,  or  to 

2+ 

2p-valence-band  to  3d -impurity -ion  charge-transfer  transitions  in  Mn  . The  band 

2+ 

at  145  nm  (8.56  eV)  in  Fig.  3.6  is  due  to  similar  transitions  in  Fe  . 

b.  Co2+  in  CaF2  . The  absorption  spectra3* 10,  3*  15 ’ 3*  16  of 
2~h  7 

Co  (3d  ) in  CaF^  is  shown  for  the  visible  region  in  Figs.  3.7  and  3.9,  and 

for  the  infrared  region  in  Figs.  3.  8 and  3.  10.  In  addition.  Fig.  3.  11  shows  the 

2+ 

vacuum-ultraviolet  spectrum  of  Co  in  different  host  crystals  as  a function  of 

2+ 

temperature.  The  concentration  of  Mn  ir.  the  samples  used  for  Figs.  3.7  and 

3.  8 was  estimated  to  be  4500  ppm  based  on  a comparison  between  the 

44  2+2+ 

A2g  -*  T^  (P)  transitions  in  CaF2  : Mn  and  CdF2  : Mn  , assuming 

identical  oscillation  strengths  in  both  hosts.  In  addition  to  the  triply  peaked 

4 4 

iA,  -»  T.  (P)  absorption  band  centered  at  2.29  eV  (555  nm)  in  Figs.  3. 7 and 
S S 

X 9,  there  are  three  very  weak  peaks  at  2.  32  eV  (535  nm),  2.44  eV  (508  nm) 

and  2. 46  eV  (503  nm),  probably  due  to  spin-forbidden  transitions  of  the 

o 

crystal-field-split  states  of  the  G term.  The  visible  bands  shift  towards  the 

t 

blue  by  0.012  —0.036  eV,  depending  on  the  host  lattice,  when  the  crystals  are 
cooled  from  room  temperature  to  77  K. 
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Photon  energy  (eV) 


Fig.  3.8.  Absorption  spectra  of  CaF2:Co2+  in  the  region  of 
the  4A2g  4Tlg(F)  transition  (0.66  - 1.05  eV),  and  the 
4A2g  - 4T2g(F)  transition  (0.37  - 0.66  eV).  [G.  Schwotzer 
and  W.  Ulrici,  Phys.  Stat.  Sol.  (b)  64,  K115  (1974).  ] 
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The  vacuum -ultraviolet  band  of  the  3d  -»  4s  transition  at  162  nm  (7.63  eV) 

-3 

has  an  oscillation  strength  of  3.7  * 10  and  shifts  towards  the  blue  by  0.149  eV 
on  cooling  to  4.2  K. 


2+ 

The  infrared  spectrum  of  CaF2  : Co  as  shown  in  Figs.  3.  8 and  3. 10  has 
4 4 

three  bands  from  the  A„  -»  T,  (F)  transitions  centered  at  0.  833  eV 

2g  lg 

(1489  nm)  and  a doublet  band  at  0.  552  eV  (2250  nm)  and  0. 418  eV  (2970  nm) 

4 4 

assigned  to  the  A,  ^ T (F)  transition.  The  band  at  1. 13  eV  (1100  nm), 

o » © 

4 4 

which  appears  at  5K  on  the  high-energy  side  of  the  A„  -»  T.  (F)  transi- 

$ S 

2+  3 12 

tions,  is  not  due  to  Co  because  according  to  the  energy  level  scheme  * 
no  transition  is  expected  in  this  region,  and  because  the  temperature  dependence 
of  this  band  is  that  of  an  allowed  electric-dipole  transition. 


2+  o 1*7  2+  8 

c.  Ni  in  CaF2  . The  absorption  spectrum"3,  1 of  Ni  (3d  ) in  calcium 

fluoride  and  cadmium  fluoride  host  lattices  at  both  room  temperature  and  4. 2 K, 
is  shown  in  Fig.  3.  12.  On  cooling  from  room  temperature  to  77  K,  the  absorp- 
tion bands  narrowed  and  shifted  towards  the  blue  by  0. 025  — 0. 05  e V.  At  4. 2 K 
a series  of  Vibrational  lines  centered  at  2.23  eV  (557  nm)  and  separated  by 

0.021  eV  appeared  on  the  low-energy  wing  of  the  CaF2  absorption  curve.  Similar 

2+ 

structures  were  not  observed  in  the  spectrum  of  CdF2  : Ni  . The  experimentally 

24- 

observed  lines  of  Ni  in  CaF2  and  CdF2  are  summarized  in  Table  3.  3 
together  with  their  transition  assignments  and  the  theoretical  absorption  energies. 

3.  Rare-earth  ions  in  CaF2  . 

The  rare-earth  ions  have  unfilled  4f  shells.  The  effect  of  the  crystal  field 
on  the  energy  levels  of  the  rare-earth  ions  is  smaller  than  the  spin-orbit 
interactions,  partly  because  the  radius  of  the  4f  orbits  is  small  and  partly 
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2+ 

Fig.  3.12.  Absorption  spectra  of  Ni  in  CaF2  and  CdF^. 
Cross-hatched  region  represents  the  luminescence  spectrum. 
[E.  I.  Zoroatskaya,  B.  Z.  Malkin,  A.  L.  Stolov,  and  Zh.  S. 
Yakovleva,  Sov.  Phys.-Solid  State  10,  320  (1968).] 
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2+ 

Table.  3.3.  Absorption  bands  of  nickel  in  CaF„:Ni  and 

2+  ^ 

CdF2 : Ni  . [E.  I.  Zoroatskaya,  B.  Z.  Malkin,  A.  L.  Stolov, 

and  Zh.  S.  Yakovleva,  Sov.  Phys.  - Solid  State  10.,  320 

(1968).] 


Excited 

State 

i+ 

CaF2:Ni 

CdF2: 

...2+ 

Ni 

Photon  Energy  (eV) 

calc 

exp 

calc 

exp 

V4> 

0.434 

- 

0.533 

0.533 

Vs) 

0.521 

0.533 

0.595 

0.595 

Vs> 

0.831 

- 

0.980 

0.992 

— 

- 

- 

- 

1 .302 

\<r5) 

2.220 

2.226 

2.294 

2.319 

1G4(r4) 

2.387 

2.430* 

2.455 

2.480* 

\<r3> 

2.567 

2.572 

2.691 

2.703 

*These  bands  were  observed  only  at  4.2  K. 
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because  outer,  closed-shell  5s  and  5p  electrons  screen  the  4f  shell.  This 
screening  also  shields  the  4f  shell  from  strong  interactions  with  lattice  vibra- 
tions, so  the  typical  field  splitting  of  the  4f  levels  is  only  about  0.01  eV,  and 
the  gross  spectral  features  for  a given  impurity  ion  are  unusually  independent 
of  the  host  lattice.  Thus  the  4f  -»  4f  transitions  remain  very  weak  and  sharp 
because  they  are  parity-forbidden  as  in  the  free -ion  case. 


The  normal  oxidation  state  of  all  rare-earth  compounds  is  the  trivalent 
state,  but  with  the  exception  of  promethium  and  lutetium,  divalent  rare-earth- 
doped  crystals  can  be  grown  in  the  laboratory  under  chemical  or  irradiative 
reducing  conditions.  In  addition,  the  tetravalent  states  of  cerium,  praseo- 
dymium and  terbium  are  known  to  exist,  and  might  occur  in  crystals  grown 

3 18 

under  reducing  conditions. 


3 19 

a.  Trivalent  rare-earth  ions  in  CaF2  . The  absorption  spectra  ' of 

the  lowest  4f  ->  5d  transitions  in  the  rare-earth  ions  are  shown  in  Fig.  3. 13. 
3+  3+ 

The  bands  of  Gd  and  Lu  do  not  appear  because  their  energies  are  greater 
than  the  intrinsic  band-gap  energy  of  9. 9 eV  in  CaF2  , and  the  synthetic 
element  promethium  was  unavailable  for  study. 


Table  3.4  summarizes  the  room -temperature  transition  energy,  absorption 

cross-section,  and  half-width  of  the  bands  in  Fig.  3. 13.  All  the  trivalent  rare- 

2+ 

earth  ions  are  stable  in  CaF2  and  have  ionic  radii  compatible  with  that  of  Ca  . 

2+ 

Therefore  the  trivalent  rare-earth  ions  substitute  for  Ca  but  require  some 
charge  compensators,  such  as  interstitial  F , which  destroy  the  perfect  cubic 
symmetry  of  the  lattice  site  and  greatly  complicate  the  crystal-field  splitting. 
There  are  three  irregularities  in  the  lowest  4f  -»  5d  absorption  bands  of  the 
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Fig.  3.13.  The  lowest  4f  -*■  5d  absorption  band  of 
trivalent  rare-earth  ions  in  CaF2  host  crystals  at 
room  temperature.  [ E.  Loh,  Phys.  Rev.  1£7,  332 
(1966).] 
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Table  3.4.  The  ground  state  configurations,  transition  energies,  and  absorp- 
tion cross-sections  of  the  lowest  4f  -*•  5d  band  of  the  trivalent  rare-earth 


ions  in 

CaF^  at  room 

temperature. 

[ E.  Loh,  Phys 

. Rev.  147, 

332  (1966).] 

Rare 

earth 

ion 

Ground  state 
of  4fn 

configuration 

Concentration 
in  mole 
fraction  % 

Energy  of 
lowest  4 f -* 5d 
transition  (eV) 

Absorption 
cross  section 
lO'^cnr 

Half-width 
toward  low 
energy  (eV) 

Ce^ 

0.01 

4.03 

3.9 

0. 17 

Pr^ 

4f2  3H4 

0.015 

5.66 

5.5 

0.21 

Nd^ 

4f3  \/2 

0.02 

6.94 

5 

0.21 

Pm3+ 

Not  available 

c 3+ 

Sm 

41  M5/2 

0.01 

7.  38 

5.5 

0.22 

Eu^ 

4f^  7F 

41  ro 

0.006 

8.50 

4.2 

0. 17 

GdW 

4f7  8S 

0.001-10 

>9.7 

(Tb44- 

4f7  8S 

<0.02 

9.  36 

>1. 16a 

0. 10) 

Tb34" 

**\ 

0.02 

5.77 

2.7 

0. 16 

Dy* 

4'9  6l,15/2 

0.01 

7.31 

2.8 

0. 17 

Ho34- 

4 f10  5Ig 

0.01 

7.95 

(8.44) 

1.2 

(6.4) 

0. 14 
(0. 17) 

Er^ 

4 f11  \ 

41  A15/2 

0.01 

7.97 

2.75 

0. 14 

Tm34- 

4f12  3H6 

0.01 

7.94 

3.74 

0. 17 

Yb*4 

4f13  2F 

41  *7/2 

0.01 

8.77 

3.2 

0.15 

Lu3+ 

0.1 

>9.9 

4+ 

aThis  value  is  calculated  by  assuming  the  concentration  of  Tb  equal  to  that  of 
Tb^O.02%. 
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trivalent  rare-earth  ions  in  CaF2  . First,  the  lowest  4f  -»  5d  band  of  Ho  at 

7.  95  eV  has  an  absorption  cross-section  less  than  half  that  of  its  neighbors 
3+  3+ 

Dy  and  Er  . But  the  next  higher  4f  -»  5d  transition  at  8.  43  eV,  shown  in 
Fig.  3.  13  and  listed  in  Table  3.4  in  parentheses,  has  a cross-section  more  than 
twice  that  of  its  neighbors.  Second,  in  the  absorption  spectra  of  Sm^  + (4f5). 
Eu3+  (4f6).  and  Yb^(4f^  the  lowest  4f  -*  5d  band  is  a doublet  with  separa- 
tions of  0.125  eV,  0.  375  eV,  and  0.250  eV,  respectively.  Possible  sources  of 
these  peaks  are  the  presence  of  the  corresponding  divalent  rare-earth  ion  or  two 
configurations  of  the  4f°  * electrons  in  the  4^  * 5d  excited  state.  Finally  in  the 
spectrum  of  terbium  there  is  an  absorption  band  at  9.  35  eV,  shown  in  Fig.  3. 13 
and  listed  in  Table  3.  4 in  parentheses,  which  is  probably  due  to  the  presence  of 
some  tetravalent  terbium. 

3 20 

b.  Divalent  rare-earth  ions  in  CaFg  . The  absorption  spectra  ' of 

the  4f  -»  5d  transitions  of  the  divalent  rare-earth  ions,  excepting  promethium 

and  lutetium,  are  shown  in  Fig.  3.14.  In  addition,  the  excitation  and  fluorescence 

spectra  of  Tm^+  (4f^),  Er^+(4f^),  Ho^+ (4f^),  and  Dy^+ (4f^)  are  shown  in 

Fig.  3. 15.  These  excitation  spectra  agree  closely  with  the  absorption  spectra  in 

most  cases.  The  divalent  rare-earth  ions  are  isoelectronic  to  the  trivalent  ions 

of  the  next  larger  atomic  number.  However,  the  divalent  rare-earth  ions  have 

a smaller  electrostatic  interaction  with  the  5d  electrons  because  of  the  smaller 

nuclear  charge,  thus  shifting  the  4f  -*  5d  absorption  bands  from  the  ultraviolet 

region,  where  they  occur  in  the  trivalent  rare-earth  ions,  down  to  the  visible 

and  infrared  region  of  the  spectrum.  The  divalent  rare-earth  ions  substitute 
2+ 

for  the  Ca  ions  and  require  no  charge  compensation,  so  the  perfect  cubic 
symmetry  of  the  lattice  site  is  preserved,  giving  a simpler  optical  spectrum 
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Fig.  3.15.  Excitation  spectra  and  fluorescence  spectra  of  Tm  , 
2+  2+  2+ 

Er  , Ho  , and  Dy  at  77  K.  The  fluorescence  spectra  are  f -*•  f 
transitions  as  in  the  figure.  [ D.  S.  McClure  and  Z.  J.  Kiss, 
J.  Chem.  Phys.  39,  3251  (1963).] 
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than  the  trivalent  ions  with  very  sharp  and  weak  4f  -*  4f  transitions.  The  location 

2+ 

of  the  4f  -*  4f  absorptions  is  shown  by  the  arrows  in  Fig.  3. 14  for  Tm  , 

2+  2+  2+ 

Er  , Ho  , and  Dy  in  CaF2  . The  structure  of  these  transitions  is  difficult 
to  observe  in  an  absorption  spectrum,  but  the  structure  can  be  seen  in  the 
4f  -»  4f  fluorescence  spectra  shown  in  Fig.  3. 15. 

c.  Photochromic  centers  in  CaF2 . Photochromic  centers  formed  by 

additive  coloration  in  calcium  vapor  of  CaF2  doped  with  La,  Ce,  Gd,  Tb,  Lu, 

3 21 

and  Y,  have  the  visible  and  ultraviolet  spectra  ' shown  in  Figs.  3.16  and  3.17,  and 

3 22 

the  vacuum-ultraviolet  spectra  * shown  in  Figs.  3. 18— 3. 23.  Photochromic  cen- 
ters can  also  be  formed  in  these  materials  by  room-temperature  X-  or  y -irradia- 
tion. These  colored  crystals  possess  a photochromic  effect  whereby  their  color 
is  reversibly  changed  upon  exposure  to  light.  The  effect  is  produced  by  a photo- 
reversible  electron  transfer  between  a rare-earth  ion  and  a photochromic  color 
center:  absorption  of  ultraviolet  light  (X  £ 400  nm)  by  the  photochromic  color 
center  transfers  an  electron  to  an  isolated  trivalent  rare-earth  ion;  the  process 
can  be  reversed  thermally  or  by  the  absorption  of  visible  light  (450  nm  < X < 600  nm) 
by  the  isolated  divalent  rare-earth  ion.  The  ease  with  which  the  reversal  occurs 
is  probably  associated  with  the  fact  that  La,  Ce,  Gd,  Tb,  and  Lu  are  the  only 

rare  earths  which  are  believed  to  have,  like  Y,  a single  d electron  in  the  divalent 

3 2 

crystal-field  ground  state.  ’ For  CaF2  doped  with  La,  Ce,  Gd,  or  Tb  the 
color  changes  are  stable  for  a day  or  more  at  room  temperature.  In  the  photo- 
ionized  state,  the  absorption  spectrum  of  the  photochromic  center  below  5 eV 
(250  nm)  is  similar  in  both  intensity  and  structure  to  the  un-ionized  state,  except 
that  the  spectrum  is  shifted  to  slightly  higher  energy. 
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Fig.  3.16.  Optical  absorption  spectrum  of  additively  colored  rare-earth- 
doped  CaF^.  The  300  K curve  has  been  moved  upward  by  0.5  OD.  The  intense 
absorption  bands  for  Ce  and  Tb  are  due  to  the  4fu  -+■  4fu  ^ 5d  transition  of 
the  trivalent  rare  earth  and  are  present  before  coloration.  [D.  L.  Staebler 
and  S.  E.  Schnatterly,  Phys.  Rev.  B3,  516  (1971).] 
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Fig.  3.17.  Absorption-band  energy  as  a function  of  the  trivalent 
ion  radius  of  the  impurity.  Only  the  three  prominent  bands  below 
4.09  eV  are  shown.  [D.  L.  Staebler  and  S.  E.  Schnatterly,  Phys. 
Rev.  B3,  516  (1971).] 
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Fig.  3.18.  Ultraviolet  absorption  spectra  of 
photochromic  centers  in  CaF2:  0.1%  La.  [E.  Loh, 
Phys.  Rev.  B4,  2002  (1971).] 
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Fig.  3.20.  Ultraviolet  absorption  spectra  of  photochromic 
centers  in  CaF2:Gd.  [E.  Loh,  Phys.  Rev.  B4,  2002  (1971).] 
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Fig.  3.21.  Ultraviolet  absorption  spectra  of  photochromic 
centers  in  CaF2:0.1%  Tb.  [ E.  Loh,  Phys.  Rev.  B4,  2002 
(1971).] 
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Fig.  3.22. 
centers  in 
0 971).] 


Ultraviolet  absorption  spectra  of  photochromic 
CaF2:0.3%  Y.  [ E.  Loh,  Phys.  Rev.  B4,  2002 
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Fig.  3.23. 
centers  in 
0971).] 


Ultraviolet  absorption  spectra  of  photochromic 
CaF2 :0. 1%  Lu.  [ E.  Loh,  Phys.  Rev.  B4,  2002 
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The  simplest  physical  model  of  a photochromic  center  is  a trivalent- rare -earth 
2+ 

ion  substituted  on  a Ca  site  adjacent  to  a fluorine  vacancy  that  has  trapped  two 

electrons,  to  make  a neutral  center.  Equivalently  it  can  be  considered  a molecular- 

like  complex  of  a divalent- rare -earth  ion  and  a nearest-neighbor  F center  that 

3 23 

has  two  electrons  trapped  in  defect-impurity  orbital  states.  * This  model  is 

3 24 

consistent  with  both  optical  and  EPR  ' studies  of  photochromic  centers. 

The  thermally  stable  absorption  spectra  shown  in  Fig.  3. 16,  i.  e.,  the  spectra 
found  after  the  decay  of  any  ultraviolet- induced  photochromic  effects,  are  due  to 
the  color  centers  produced  by  additive  coloration.  The  spectra  are  only  shown 
for  each  impurity  at  300  K and  78  K since  the  spectrum  of  each  impurity  at  4 K 
is  identical  to  its  spectrum  at  78  K.  As  the  temperature  decreases,  the  individual 
bands  of  the  photochromic  center  narrow  and  increase  their  peak  intensity  while 
keeping  the  total  area  under  the  band  approximately  constant.  The  spectra  con- 
tain three  prominent  bands  below  4.  1 eV  (302  nm)  which  shift  towards  higher 
energy  as  the  impurity  gets  smaller.  This  shift  is  shown  in  Fig.  3. 17  as  a 

function  of  the  ionic  radius  of  the  trivalent  impurity  obtained  from  the  oxide  of 
3 25 

the  impurity.  * The  three  bands  are  identified  as  electron  transitions  from  the 
Aj  defect -impurity  orbital  singlet  ground  state  to  the  excited  singlet  (a  band)  or 
doublet  (it  band)  states  consistent  with  the  three -fold  rotation  symmetry  of  the 
photochromic  center  oriented  along  the  ( 111  ) directions.  The  a band  is  the 
most  intense,  changes  the  least  as  a function  of  the  ionic  impurity  radius,  and 
approaches  the  CaF2  F-band  energy  (3.22  eV)  for  the  smallest  impurity.  The 
assignment  of  the  bands  was  determined  by  linear  dichroism  experiments. 

Linearly  polarized  light  is  selectively  absorbed  by  photochromic  centers  in 
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particular  orientations  resulting  in  a disturbance  of  the  isotropic  distribution  of 
centers  by  either  ionizing  these  centers  or  reorienting  them  along  another  direction. 

3 22 

The  ultraviolet  and  vacuum-ultraviolet  spectra  ' in  Figs.  3. 18  - 3.23 

include  curves  for  both  the  thermally  stable  state  and  the  photo-ionized  state  of 

the  photochromic  centers  in  CaF2  . These  samples  were  obtained  by  E.  Loh 

from  D.  L.  Staebler,  and  are  apparently  some  of  the  same  samples  used  for  the 

spectra  in  Fig.  3. 16.  All  the  impurities  have  absorption  bands  between  4. 35  eV 

(286  nm)  and  7. 07  eV  (175  nm)  which  are  probably  due  to  electron  transitions 

between  the  ground  state  and  higher  excited  states  of  the  photochromic  center, 

**  3 26 

analogous  to  the  L bands  of  F centers  in  alkali  halides.  The  absorption 

in  this  spectral  region  is  particularly  sensitive  to  the  state  of  the  photochromic 
centers,  being  consistently  higher  if  the  photochromic  centers  are  in  the  ther- 
mally stable  ground  state.  At  ~7. 7 eV  (160  nm)  there  is  a prominent  peak  in 
all  the  spectra  except  the  0. 05%  Gd-doped  CaF2  in  Fig.  3. 20(c)  and  the  0. 3% 
Y-doped  CaF2  in  Fig.  3.22.  This  peak  is  characterized  by  the  following 
properties:  (1)  the  absorption  is  strong,  (2)  the  peak  position  of  the  band  is 
independent  of  the  impurity  cation,  (3)  the  absorption  is  independent  of  the 
ionization  state  of  the  photochromic  centers,  (4)  the  strength  of  the  band  appears 
to  depend  on  the  impurity  ion  and  its  concentration.  The  strength  and  fixed 
energy  of  this  peak  suggest  that  there  is  a charge  transfer  occurring  between 
the  photochromic  center  and  a nearby  impurity  of  the  same  chemical  species 
as  that  in  the  photochromic  center.  For  this  absorption  mechanism,  the  strength 

of  the  band  should  increase  if  the  impurity  ions  cluster  together.  Therefore 

3*4“  34“ 

strong  absorption  should  occur  for  the  larger  ions  such  as  La  and  Ce  which 
cluster  more  readily  near  vacancies  at  higher  impurity  concentrations  and  for 
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highly  annealed  samples.  The  strong  7.7  eV  (160  nm)  absorption  band  of  the  0. 1% 
Lu-doped  CaF2  in  Fig.  3. 23  does  not  appear  to  fit  this  pattern  because  the  doping 

O. 

level  is  low  and  Lu  is  the  smallest  ion  in  this  group.  However,  this  crystal  was 
grown  at  Optovac  while  the  others  were  grown  at  RCA  Laboratories,  so  a dif- 
ferent annealing  history  could  account  for  the  greater  clustering  and  thus  greater 
absorption  relative  to  the  other  samples. 

4.  Actinide  ions  in  CaF2  . 

The  actinide  ions  are  similar  to  the  rare-earth  ions  in  that  they  both  have 
unfilled  f shells  shielded  by  closed  s and  p shells  which  tend  to  preserve  the 
free-ion  absorption  spectrum  of  the  f -»  f transition  even  in  a crystalline  envi- 
ronment. However,  the  large  orbital  radius  of  the  5f  shell  in  the  actinides 

2 2 

reduces  the  shielding  effect  of  the  6s  6p  electrons  below  that  observed  in  the 
corresponding  shells  of  the  rare-earth  ions.  In  general,  the  spectra  of  the 
actinides  are  more  sensitive  to  their  environment  than  the  spectra  of  the  rare 
earths;  hence  determination  of  the  oxidation  state  or  ground  state  configuration 
of  an  actinide  ion  in  one  host  material  is  not  reliably  determined  by  cross- 
correlation against  the  spectrum  of  the  same  ion  in  a known  state  but  in  a 
different  host  material.  The  spectra  are  further  complicated  by  the  pronounced 
self-coloration  of  the  crystals  or  the  modification  of  the  impurity  oxidation  state 
produced  by  the  radioactivity  of  the  actinide  ions  themselves.  Thus  the  colora- 
tion history  of  CaF2  doped  with  an  actinide  depends  not  only  on  the  particular 
element  present,  but  also  on  the  isotope  number  or  isotope  ratios,  and  the  length 
of  time  since  the  crystal  was  grown  or  underwent  high-temperature  annealing. 
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a.  LT  and  U in  CaF2 . The  absorption  spectra ' of  green,  brown, 

and  yellow  crystals  of  CaF2  doped  with  U(5F* 6d*7s^  ) are  shown  in  Figs.  3.24, 

3 28 

3.25,  and  3.26,  respectively.  The  absorption  spectrum  ' of  a deep  red  crystal 

of  CaF2  :U  after  y- irradiation  is  shown  in  Fig.  3.34.  The  oxidation  states  of 

uranium  in  different  colored  CaF2  crystals  have  been  subject  to  question  because 

the  oxidation  state  may  change  while  the  CaF2  : U melt  is  at  a high  crystal -growing 

temperature.  McLaughlin,  et  al. , * have  unambiguously  identified  the  oxidation 

states  of  uranium  in  different  colored  crystals  by  developing  reproducible  methods 

of  growing  each  color  of  crystal.  The  oxidation  state  of  the  uranium  in  the  crystals 

was  then  determined  from  measurements  of  the  reducing  power  and  total  uranium 

content  of  the  crystals.  The  upper  spectrum  in  Fig.  3.24  is  for  green  CaF2  :U 

made  from  crystalline  CaF2  , 2 wt  % PbF2  , and  1 wt  % UF4 . The  spectrum 

of  this  crystal  is  identical  to  the  spectrum  of  a green  crystal  produced  by 

3 29  9+ 

Optovac  Inc.  Hargreaves  * attributed  the  spectrum  to  IT  , but  chemical 

analysis  of  both  samples  indicates  only  U^+  is  present.  The  spectrum  of  a 

brown  crystal  made  from  crystalline  CaF2  , 2 wt  % PbF2,  and  1 wt  % U02  is 

4~h 

shown  in  Fig.  3. 25.  Since  chemical  analysis  indicates  that  only  U is  present, 

the  differences  between  this  spectrum  and  those  of  Fig.  3. 24  must  be  accounted 

3 30  331 

for  by  different  methods  of  charge  compensation,  since  EPR  experiments  ' * 

show  that  the  uranium  ions  in  both  crystals  are  on  trigonal  sites.  When  a crystal 

was  grown  from  powdered  CaF2  plus  1 wt  % U02  (NO3)  • 6 L^O , a yellow 

2 

crystal  containing  was  formed  whose  spectrum  was  identical  to  the  yellow 
3 29 

Optovac  crystal  ' as  shown  in  Fig.  3. 26.  Chemical  analysis  of  red  CaF2  : U 
crystals  indicates  U3*  is  present. 
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Wavelength  (nm) 


Fig.  3.24.  Green  crystals  of  uranium-doped  CaF^.  Upper  trace: 
absorption  spectrum  of  CaF2:  1%  UF^.  Lower  trace:  absorption 
spectrum  of  green  CaF2  crystals  described  in  Ref.  3.29.  [R. 
McLaughlin,  U.  Abed,  John  G.  Conway,  N.  Edel stein,  and  E.  H. 
Huffman,  J.  Chem.  Phys.  53,  2031  (1970).] 
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Wavelength  (nm) 


Fig.  3.25.  Absorption  spectrum  of  a brown  crystal  of 
CaF2:l%  U02.  [R.  McLaughlin,  U.  Abed,  John  G.  Conway, 
N.  Edelstein,  and  E.  H.  Huffman,  J.  Chem.  Phys.  53, 
2031  (1970).] 
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Fig.  3.26.  Yellow  crystals  of  uranium-doped  CaF^.  Upper 
spectrum:  absorption  spectrum  of  CaF2:l%  UO^NO^. 
Lower  spectrum:  absorption  spectrum  of  yellow  crystals 
described  in  Ref.  3.29.  [ R.  McLaughlin,  U.  Abed,  John 
G.  Conway,  N.  Edelstein,  and  E.  H.  Huffman,  J.  Chem. 
Phys.  53,  2031  (1970).] 
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o.  3 28 

b.  Np  in  CaF2 . The  absorption  bands 

of  Np(5f46d*7s2 ) in  LaBr^  , CaF2  , and  in  solutions  of  D20  are  shown  in 

3+ 

Fig.  3. 27.  The  absorption  spectra  of  CaF2  : Np  in  the  infrared  are  shown  in 

3+ 

Figs.  3.28  and  3.29,  while  the  visible  spectrum  of  X-irradiated  CaF2  : Np 
3 28 

is  shown  in  Fig.  3. 34  * . CaF2  crystals  doped  with  0. 1 - 0. 2 wt  % 

2 37 Np  (half-life,  2.2  x 106yr)  were  light  green  in  color.  Np3^  was  the  principal 

6+ 

oxidation  state  present  in  these  crystals,  since  Np  and  Np  could  be  elimi- 
nated by  comparisons  with  the  ion  spectra  of  Fig.  3.27  while  crystal  growth 
conditions  precluded  the  formation  of  Np  . When  CaF2  : Np  was  irradiated 

at  273  K,  it  turned  a deep  blue-green,  and  an  intense  absorption  band  appeared 

3+ 

at  580  nm  (2.  14  eV)  in  Fig.  3.  34.  The  absorption  spectra  of  CaF2  : Np  is 

shown  before  and  after  X-irradiation  in  Figs.  3.28  and  3.29.  The  room-tem- 

3+ 

perature  irradiation  in  Fig.  3. 28  decreased  the  intensities  of  four  Np  lines 

4+ 

and  created  four  new  sharp  lines  which  were  assigned  to  Np  . Apparently  the 

3+  4+ 

irradiation  converted  Np  ions  at  certain  symmetry  sites  to  Np  . When 

3+  4+ 

CaF2  : Np  was  X-irradiated  at  77  K,  only  two  new  Np  lines  appeared,  indi- 

3-f 

eating  that  fewer  Np  symmetry  sites  could  be  oxidized  at  this  temperature. 

3+ 

In  addition.  Fig.  3. 29  shows  several  new  Np  lines  that  appeared  from  site 
symmetry  changes  only  during  low-temperature  irradiation. 

4+ 

• The  Np  produced  by  radiation,  the  low-temperature  site-symmetry 
3+ 

conversion  of  , and  the  broad  visible  absorption  at  580  nm,  bleached 

4+ 

slightly  bver  a period  of  months  at  room  temperature.  The  Np  structures 
and  the  broad  visible  absorption  band  could  be  completely  bleached  by  heating  to 
400  C,  or  reduced  by  50  percent  by  prolonged  exposure  to  300  — 500  nm  light. 
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Fig.  3.27.  Comparison  of  the  absorption  spectra  of 
Np  ions  in  various  media.  [J.  J.  Stacy,  N.  Edelstein, 
and  R.  D.  McLaughlin,  J.  Chem.  Phys.  57,  4980  (1972).] 
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Fig.  3.28.  Absorption  spectra  of  CaF^:  Np^+:  (a)  before  irradiation, 
(b)  after  10  h irradiation  at  273  K.  The  arrows  indicate  the  absorption 
lines  which  increase  or  decrease  upon  irradiation.  [ J.  J.  Stacy,  N. 
Edelstein,  and  R.  D.  McLaughlin,  J.  Chem.  Phys.  57,  4980  (1972).] 
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3+ 

Fig.  3.29.  Absorption  spectra  of  CaF^iNp  : (a)  bleached  crystal, 
(b)  after  48  h X-irradiation  at  77  K,  (c)  after  thermal  bleaching 
to  RT.  The  asterisks  denote  new  lines  formed  upon  irradiation. 
[ J.  J.  Stacy,  N.  Edelstein,  and  R.  D.  McLaughlin,  J.  Chem.  Phys. 
57,  4980  (1972).] 
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c.  Pu3+  and  Pu^  in  CaF2  . The  absorption  spectra3’  3'  3^  of 
Pu(5f^6d^7s3  ) in  CaF2  is  shown  in  Figs.  3. 30  and  3. 34.  The  sharp  line 

4_i_ 

spectra  of  Pu  ions  at  77  K in  various  media  is  shown  in  Fig.  3.31,  while 

3+ 

Table  3. 5 lists  absorption  lines  and  bands  which  develop  in  CaF2  : Pu  by 
self- irradiation. 

239 

CaF2  crystals  grown  with  0. 1—  0. 2 wt%  of  Pu  (half-life,  24, 360  yr) 

238 

or  Pu  (half-life,  86  yr)  are  initially  colorless  or  light  blue.  Self- irradiation 

causes  the  crystals  to  turn  a dark  blue  color  over  a period  of  months  in  the  case 
239  238 

Pu,  or  a period  of  days  for  Pu.  The  original  oxidation  state  of  the 

plutonium  in  CaF2  was  determined  by  identifying  the  center  frequencies  of 

three  groups  of  sharp  lines  with  similar  groups  found  by  Lammermann  and 

Conway3’  33  for  Pu,3+  in  La(C2  Hg  SO^  ’ 9 H^O.  The  comparison  is  shown  in 

Table  3.6.  As  self- irradiation  of  the  crystals  continues  at  room  temperature, 

broad  bands  with  half-widths  ~0. 01  eV  (~  10  nm)  and  sharp  lines  with  half-widths 

~ 0.001  eV  (~  1 nm)  develop  in  the  absorption  spectrum.  The  location  and  strengths 

of  these  features  are  listed  in  Table  3.5,  and  the  growth  of  several  sharp  lines  is 

shown  in  Fig.  3.30.  When  self- irradiation  occurred  at  77  K,  the  crystals  took  on 

a different  shade  of  blue  and  the  sharp  line  spectra  were  absent.  The  radiation- 

4+ 

induced  sharp  line  spectra  shown  in  Fig.  3. 31  were  identified  as  Pu  lines  by 

4+ 

comparison  of  its  spectrum  with  the  solution  spectrum  of  Pu  and  the  spectrum 
of  co-precipitated  Pu^+  and  CaF2  in  a mineral-oil  mull. 

4+ 

The  absorption  coefficients  for  CaF2  : Pu  are  much  stronger  than 

3+  4_|_ 

CaF2  : Pu  since  very  strong  Pu  lines  develop  with  only  a small  decrease 
3+ 

in  the  Pu  lines.  The  broad  bands  shown  in  Fig.  3. 34  are  due  to  some  type 
of  radiation- induced  color  center  in  CaF2  . 
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Fig.  3.30.  Absorption  spectra  of  CaF,:Pu:  (a)  before  irradiation, 
(b)  after  X-irradiation  showing  growth  of  Pu  lines  at  455.4  nm 
(strong)  and.  458.4  nm  (weak).  [R.  McLaughlin,  R.  White,  N.  Edelstein, 
and  J.  G.  Conway,  J.  Chem.  Phys.  48,  967  (1968).] 
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Fig.  3.31.  Sharp  line  spectra  of  Pu  ions  at  77  K in  various 
media.  [R.  McLaughlin,  R.  White,  N.  Edelstein,  and  J.  G.  Conway, 
J.  Chem.  Phys.  48,  967  (1968).] 
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3+ 

Table  3.5.  Lines  which  grow  into  CaF^iPu  crystals 
due  to  radiation  damage.  [R.  McLaughlin,  R.  White, 
N.  Edelstein,  and  J.  G.  Conway,  J.  Chem.  Phys.  48, 
967  (1968).] 


Wavelength 

(nm) 


Energy 

(eV)  Intensity3 

Half-width  « 5xl0'4  eV 


414.9 

2.987? 

m 

415.1 

2.9859 

w 

415.4 

2.9836 

w 

446.3 

2.7771 

w 

455.4 

2.7217 

s 

455.9 

2.7186 

w 

458.4 

2.7038 

w 

469.3 

2.6410 

w 

471.2 

2.6303 

w 

495.5 

2.5014 

w 

504.0 

2.4592 

w 

532.3 

2.3284 

w 

c34. 9 

2.3171 

w 

553.7 

2.2384 

m 

567.4 

2.1844 

w 

567.6 

2.1836 

w 

651.8 

1.9016 

m 

700.6 

1.7692 

w 

702.1 

1.7653 

w 

788.9 

1.5710 

w 

808.8 

1.5325 

w 

809.3 

1.5315 

w 

809.9 

1.5304 

w 

843.1 

1.4701 

m 

844.7 

1.4673 

w 

852.7 

1.4535 

w 

860.8 

1.4399 

w 

1060.0 

1.1692 

w 

1144.0 

1.0834 

1850.0 

0.6695 

Half-width  « 5x  10'2  eV 

599.8 

2.0667 

632.8 

1.9588 

657.6 

1.8845 

805.7 

1.5373 

, strong;  m,  moderate;  and  w,  weak. 
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Table  3.6.  Comparison  of  the  centroids  of  sharp  lines  of 
Pu3+.  [R.  McLaughlin,  R.  White,  N.  Edelstein,  and  0.  6. 
Conway,  J.  Chem.  Phys.  48,  967  (1968).] 


Center  of  Group  (eV) 


La(C2H5S04)  • 9H20:Pu3+ 

2.4343 

1.9854 

1.8542 

CaF2:Pu3+ 

2.4665 

1.9826 

1.8827 

Di f f erence 

0.0322 

-0.0087 

0.0285 
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2+  3+  2+ 

d.  Am  and  Am  in  CaF^  » The  optical  absorption  spectra  of  Arn 

and  Am^  in  CaF2  are  shown  in  Figs.  3.  32  and  3. 34.  3‘ 28, 3‘ 34,  3*  35a 
7 0 2 

Am(5f  6d  7s  ) should  be  the  actinide  element  which  is  most  stable  in  the 

divalent  oxidation  state,  since  it  has  additional  chemical  stability  from  its  half- 

3+ 

filled  5f- shell  configuration.  In  addition  Eu  , which  is  the  analog  of  americium 
in  the  lanthanide  series,  is  the  most  easily  reduced  rare  earth.  Initially  CaF2 
crystals  grown  with  0.  1 -0.2  wt%  241Am  (half-life,  458  yr)  or  243 Am  (half- 
life,  7370  yr)  are  light  pink  or  tan,  but  self- irradiation  darkens  them  to  a brown 
color  after  weeks  or  months. 

The  visible  spectrum  of  self- irradiated  CaF2:  Am  is  shown  in  Fig.  3.  32(a) 

six  weeks  after  crystal  growth.  The  sharp  lines  between  525  nm  and  490  nm  are 

+3  +2 

due  to  Am  while  the  broad  peaks  are  from  Am  . Figure  3.32(b)  shows 

2+ 

the  spectrum  of  the  same  crystal  after  the  Am  has  been  oxidized  back  to 
3+ 

Am  by  heating  for  lh  at  500  C.  For  comparison.  Fig.  3.32(c)  shows  the 
2+ 

spectrum  of  Am  in  a deep  reddish-brown,  electrolytic  ally  reduced  crystal 
subjected  to  the  same  heat  treatment  as  the  previous  crystal.  EPR  experiments 

confirm  that  the  divalent  americium  has  the  electronic  configuration  S7  (f  ) 

/ f 

9«  O qc_ 

and  is  located  on  the  Ca  cubic  sites.  ' Attempts  to  find  the  sharp  line 

44- 

spectra  expected  of  Am  after  high  radiation  doses  were  unsuccessful. 

e.  Cm3+  and  Cm4+  in  CaF2  . The  spectral  lines3, 3 5a  of  Cm3*  and 

Cm  in  CaF2  are  shown  in  Fig.  3.33,  and  the  X-irradiated  visible  spectrum3, 23 
of  CaF2:Cm  is  shown  in  Fig.  3.34.  CaF2  crystals  grown  with  244Cm(5f76d17s2) 
(half-life,  17.6  yr)  are  initially  pale  yellow  or  colorless,  but  self- irradiation 
turns  the  crystals  rose  colored  after  one  hour,  burgundy  after  3—4  h,  and 
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3+ 

Fig.  3.32.  (a)  Optical  spectrum  of  a radiation  reduced  CaF9:Am 

3+  c 

crystal,  (b)  Optical  spectrum  of  CaF9:Am  crystal  after  annealing. 

c 2+ 

(c)  Optical  spectrum  of  an  electrolytically  reduced  CaF^iAm  crys- 
tal. [ N.  Edelstein,  W.  Easley,  and  R.  McLaughlin,  J.  Chem.  Phys. 
44,  3130  (1966).] 
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Cm3+  Cm3+  CmF4  Cm4+ 


3+  4+ 

Fig.  3.33.  Absorption  bands  of  Cm  and  Cm  in  various  matrices. 
[N.  Edelstein,  W.  Easley,  and  R.  McLaughlin,  Advan.  Chem.  Ser.  7J_, 
203  (1967).] 
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Fiq.  3.34.  Broad  absorption  spectra  of  color  centers  in  actinide-doped 
CaF2  after  3 hours  of  y irradiation.  Dashed  lines  indicate  approximate 
positions  of  absorption  maxima  in  Table  3.7.  [J.  J.  Stacy,  N.  Edelstein, 
and  R.  D.  McLaughlin,  J.  Chem.  Phys.  57,  4980  (1972).] 
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finally  to  black  after  15  h.  At  all  temperatures  the  crystals  emit  a characteristic 

f)  Q o i 

orange  glow  at  600  nm  (2. 07  eV)  from  the  P^2  ^7/2  trailsition  °f  CmJ  . 

3+ 

Initially  only  Cm  is  present,  but  as  self- irradiation  progresses  a broad  absorp- 
tion band  from  color  centers  appears  at  500  nm  (2.  48  eV)  with  a half-width  of 

4+ 

~200  ntn  (0.25  eV),  plus  sharp  lines  which  have  been  assigned  to  Cm  . The 

3“H  3 35b 

CmJ  lines  were  identified  by  comparison  with  the  data  of  Gruber,  et  al. , ' 

3+  4-t- 
on Cm  in  LaClg  , and  the  Cm  lines  were  identified  by  comparison  with  the 

3 35c  4+ 

data  of  Keenan  * on  CmF^,  as  shown  in  Fig.  3.33.  Fewer  Cm  lines 

appear  if  self-irradiation  occurs  at  77  K than  at  room  temperature,  possibly 

because  charge -compensating  ions  do  not  have  enough  activation  energy  to  reach 

3+ 

as  many  symmetry  sites  of  Cm  at  the  lower  temperature. 

3+  2+  ii  0 2 

f.  Es  and  Es  in  CaF^ . No  absorption  spectra  for  Es(5F  6d  7s  ) 

'•  ^5d 

were  available.  However,  N.  Edelstein,  et  al.  have  grown  crystals  of  CaF2 

253 

with  ~0. 2 wt%  Es  (half-life,  20.47  days)  and  confirmed  the  presence  of 
3+  2+ 

Es  and  Es  by  a combination  of  the  natural  radioluminescence  spectra  of  the 
crystal  and  EPR.  Initially  the  crystal  was  colorless,  but  self- irradiation  turned 
the  crystal  red  after  one  hour  and  dark  red  or  black  after  3 — 4 h.  These  color 
changes  were  associated  with  an  intense  absorption  band  observed  at  77  K,  which 
started  at  410  nm  and  may  be  an  f^d*  or  charge-transfer  state  of  Es^+. 

Changes  in  the  emission  spectrum  were  found  due  to  the  production  of 

249  902  oca 

Bk(5f  6d  7s  ) (half-life,  314  days)  from  the  decay  of  JEs  by  a emission. 

g.  Color  centers  in  actinide-doped  CaF2  . Self- irradiation  by  alpha 

60 

particles  or  y- irradiation  with  a Co  source  of  actinide-doped  CaF'2  crystals 
produces  the  broad  absorption  bands  shown  in  Fig.  3.  34.  These  broad  bands 
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are  believed  to  be  due  to  color  centers  resulting  from  electron  capture  at  various 
defect  sites,  but  no  reports  on  these  color  centers  appear  in  the  literature.  The 
maxima  of  these  absorption  bands  are  listed  in  Table  3. 7 for  U,  Np  , Pu , and 
Cm,  which  have  very  similar  spectra.  The  absence  of  some  of  the  expected  peaks 
in  U and  Np  may  be  due  to  less  intense  absorption  or  masking  by  the  sharp  line 
spectra  of  the  actinide  ion  transitions.  Similar  results  are  obtained  by  irradiation 
at  77  K except  that  the  intensities  are  less  for  comparable  dosages;  Np,  Pu,  and 
Cm  absorption  intensities  are  reduced  by  factors  of  ten,  three,  and  two, 
respectively. 


5.  Color  centers  in  CaF2 


The  large  variety  of  spectra  which  have  been  seen  in  CaF2  subject 
to  additive,  electrolytic,  or  radiative  coloration  are  summarized  in 
Table  3.8.  Some  of  these  spectra  are 

shown  in  Figs.  3.35  — 3.40  and  Fig.  3.43,  plus  the  more  recent  spectra 
of  Rauch  and  Senff^*^  in  Figs.  3.41  and  3.44  and  the  structure  they  proposed  for 
color  centers  in  CaF2  in  Fig.  3.42. 


3 36 

The  original  spectra  of  Mollwo  ' were  produced  by  additive  coloration  of 

natural  crystals  of  CaF2  with  Ca  vapor,  followed  by  rapid  quenching.  The  two 

principal  absorptions,  the  a band  at  375  nm  (3.31  eV),  and  the  /3  band  at 

525  nm  (2. 36  eV),  are  always  found  together.  The  temperature  dependence  of 

the  a band  resembles  that  of  the  F center  in  the  alkali  halides,  as  shown  in 

Fig.  3. 36.  In  addition,  the  value  of  the  drift  mobilities  of  the  a and  fi  band- 

-4  2 

centers  in  an  electric  field,  2 - 5 x 10  cm  / V - s for  temperatures  in  the 

range  650  - 840  C,  are  the  same  order  of  magnitude  as  that  of  the  F center  in 

3.42  3 43 

alkali  halides.  Finally  Arends,  * and  den  Hartog  and  Arends  ' have  only 
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Table  3.7.  Wavelengths  (nm) 
tri positive  ions  in  CaF2-  [J. 
and  R.  D.  McLaughlin,  J.  Chem. 


of  broad  absorptions  of 
J.  Stacy,  N.  Edelstein, 
Phys.  57,  4980  (1972).] 


u 

550 

Np 

580 

1 ,050 

Pu 

380 

580 

810 

1,070 

Cm 

390 

480-540 

780 

1,060 
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Wavelength  (nm) 

400  450  500  600 


Photon  energy  (eV) 


Fig.  3.36.  Temperature  dependence  of  the  peak  position  of  the 
a band  of  CaF^  and  the  F band  in  KC£  and  NaCt.  [E.  Moll wo,  Nach. 
Gesell.  Wiss.  GBttingen  6,  79  (1934).] 
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Wavelength  (nm) 


Fig.  3.39.  Absorption  spectra  of  CaF2:  A — original  crystal; 
B — original  crystal  after  X irradiation;  C — crystal  heat- 
treated  at  1200  C in  He;  D - crystal  from  C after  X irradiation. 
[ J.  H.  Schulman,  R.  J.  Ginther,  and  R.  D.  Kirk,  J.  Chem.  Phys. 
20,  1966  (1952).] 
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Fig.  3.41.  Additively  colored  CaF^.  Solid  curve:  absorption 
spectrum  of  pure  CaF2  with  F^  centers  (Ref.  3.47).  Dashed 
curve:  Mollwo  absorption  spectrum  of  natural  (Y-doped)  CaF2 
with  F and  F2  centers  (Ref.  3.36).  [R.  Rauch  and  I.  Senff, 
Phys.  Stat.  Sol.  (a)  26,  537  (1974).] 
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Fig.  3.42.  Fluorite-type  lattice  showing  the  two  variants 
of  tetrahedral  F^  centers.  The  configuration  in  the  upper 
right-hand  corner  is  the  most  probable.  [ R.  Rauch  and 
I.  Senff,  Phys.  Stat.  Sol.  (a)  26,  537  (1974).] 
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Fig.  3.43.  The  effect  of  Na  ion  impurity  on  the  X-ray 
coloration  sensitivity  of  CaF2.  [ J.  H.  Schulman  and 
R.  J.  Ginther,  J.  Opt.  Soc.  Am.  43,  1318  A (1953).] 
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detected  F centers  by  ESR  experiments  in  additively  colored  crystals  which 
exhibited  the  Mollwo  spectrum  in  Fig.  3.  35.  Therefore  the  Mollwo  spectrum  is 
a combination  of  the  absorptions  of  F and  F2  (an  aggregate  of  two  adjacent  F 
centers  along  a [100]  direction)  centers,  which  are  always  formed  simultaneously 
in  alkaline-earth  fluorides. 

Slow  cooling  of  additively  colored  CaF2  produces  spectra  varying  from 

general  absorption  throughout  the  visible  region  to  the  absorption  spectra  shown 

in  Fig.  3.  37.  Since  crystals  with  the  latter  spectrums  also  exhibit  Tyndall 

scattering,  slow  cooling  must  produce  colloidal  centers.  It  is  apparent  from  the 
3 37  3 44  3 41 

work  of  Smakula , ’ ’ and  Rauch  and  Senff  ' , that  the  Mollwo  spectrum 

does  not  occur  under  any  conditions  in  very  high-purity  CaF^.  Therefore  the 

isolated  F center  in  CaF2  must  be  associated  with  some  impurity  which  "pins" 

them  in  the  crystal  lattice.  In  the  natural  CaF2  used  by  Mollwo  the  impurity  is 
3+ 

almost  certainly  Y which  occurs  in  most  natural  fluorite  crystals. 

3 37 

Smakula  ’ found  an  entirely  different  spectrum  shown  in  Fig.  3.  38  for 

X-irradiated,  high-purity  synthetic  CaF2  . Very  high  X-ray  doses  were  required 

to  produce  this  four-band  spectrum  which  had  no  bands  in  common  with  the 

3. 45 

Mollwo  spectrum.  LUty  ' found  that  similar  spectra  could  be  produced  by 

additive  coloration,  regardless  of  the  quenching  rate,  as  long  as  the  excess  Ca 

was  restricted  to  small  values,  i.  e. , the  additive  coloration  temperature  had  to 

be  low  (500  - 600  C).  At  higher  additive  coloring  temperatures,  slow  quenching 

produced  a four-band  spectrum  superimposed  on  a broad  colloidal-type  absorption, 

3 44 

while  rapid  quenching  produced  Mollwo’ s two-band  spectrum.  Smakula  later 
found  that  very  high-purity  CaF2  always  produces  the  four-band  spectrum  when 
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colored  by  electron  beam,  X- irradiation,  electrolytic  coloration  or  additive 

3 40 

coloring  (regardless  of  the  quench  rate).  Bontinck  confirmed  these  results 
for  X-irradiation  and  additive  coloring,  but  found  the  unique  spectrum  shown  in 
Fig.  3. 40  for  neutron  bombardment  which  contains  the  0 band  at  525  nm  (2.  36  eV) 
and  the  three  high-frequency  bands  of  the  four-band  spectrum. 

Karras3,46,  and  Gorlich,  et  al. ,3*47,3,48  found  an  entirely  different  color- 
center  spectra  characterized  by  a strong  band  at  382  nm  (3. 25  eV),  a narrow 
band  at  550  nm  (2.25  eV),  and  two  weaker  bands  at  480  nm  (2.58  eV)  and  500  nm 

3.41 

(2. 48  eV)  - after  additive  coloration  of  CaF2  . This  spectrum  * is  shown  in 
Fig.  3. 41  compared  to  the  Mollwo  spectrum.  This  type  of  spectrum  is  found  in 
high-purity  crystals  which  lack  any  ESR  signal.  Rauch  and  Senff3' 4*  proposed 
tetrahedral  complexes  of  four  F centers  to  account  for  the  strongest  line  at 
382  nm.  Fig.  3. 42  shows  the  two  possible  variants  of  these  centers:  the  most 
likely  variant  had  four  electrons  on  fluoride  sites  surrounding  an  interstitial 
site,  while  the  other  possible  configuration  has  four  electrons  on  fluoride 
vacancies  surrounding  a Ca2+site. 

3 38  3 41 

a.  Subtractively  colored  CaF2 . The  spectra  * * of  CaF2 

subtractively  colored  with  Na  are  shown  in  Figs.  3.43  and  3.44.  If  an  Na+  ion 
is  substituted  for  a Ca2+  ion  in  CaF2  , electrical  neutrality  requires  that  either 
an  interstitial  Na+  ion  or  a F_  ion  vacancy  be  formed.  Either  of  these  entities 
should  constitute  an  electron  trap  which  enhances  the  X-ray  colorability  of  the 
pure  crystal.  Although  Schulman  and  Ginther  * found  the  spectrum  in 
Fig.  3. 43  which  is  quite  different  from  the  additively  colored  spectrum,  Karras 
and  Ullmann3, 49  were  able  to  obtain  spectra  nearly  identical  to  those  in 
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Fig.  3.41,  except  for  some  weak  bands  directly  attributable  to  the  dopants 

3 50 

tLi,  Na,  K).  The  absorption  spectrum  ’ of  Cap2  subtractively  colored  by 
X-rays  at  37  K is  shown  in  Fig.  3.  54  together  with  the  spectra  of  room-tempera- 
ture X-irradiated  CaF2:Li,  CaF2:Na,  andCaF2:K.  Rauch  and  Senff^'  ^ found 

_9 

that -for  high  sodium  concentrations  [(>  10  mol%)],  X- irradiation  always 

produced  the  two-band  Mollwo  spectrum  of  Fig.  3.41.  They  found  the  same 
spectrum  for  low  sodium  concentrations  during  the  initial  stages  of  X- irradiation, 
but  as  the  dose  was  increased  the  spectrum  was  converted  to  a superposition  of  the 
two-  and  four-band  spectra,  as  shown  in  Fig.  3. 44. 

3.  51 

b.  H and  F bands  in  CaF2.  The  absorption  spectra  * of  CaF2  containing 

H and  F centers  is  shown  in  Figs.  3.45  and  3.46.  In  Fig.  3.45  the  absorption 

spectrum  of  CaF2  additively  colored  with  Ca  vapor  at  750  C is  compared  to 

the  absorption  spectrum  of  CaF2  X-irradiated  and  measured  at  4K  without 

intermediate  warmup.  The  strong  band  at  377  nm  (3.29  eV)  in  the  irradiated 

spectrum  must  be  due  to  isolated  F centers  since  neither  the  impurities  nor 

3 51 

the  F centers  could  migrate  at  such  a low  temperature.  Tanton,  et  al. , 

also  found  F bands  in  SrF2  and  BaF2  at  442  nm  (2.81  eV)  and  611  nm 

3 51 

(2.03eV),  respectively.  In  addition  to  the  F band,  Tanton,  et  al. , * identified 
a band  at  314  nm  (3.  95  eV)  as  the  H band  because  it  grew  under  X-irradiation 
and  thermally  bleached  (as  shown  in  Fig.  3.46)  at  the  same  rate  as  the  F band. 
Similar  bands  were  found  in  SrF2  and  BaF2  at  325  nm  (3.82  eV)  and  364  nm 
(3. 41  eV),  respectively. 
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c.  M and  M centers  in  CaF2  . In  CaF2  , the  F center  is  a fluorine 
vacancy  which  has  trapped  an  electron,  while  the  M center  * consists  of  two 
nearest  neighbor  F centers  along  a [100]  crystallographic  direction,  as  shown 
in  Fig.  3. 47.  The  M center  has  three  distinct  optical  dipole  moments  appro- 
priate to  its  D2h  point  symmetry  group.  The  transition  moment  for  the  M band 
lies  along  the  [100]  axis  containing  the  vacancies  and  corresponds  to  a transi- 
tion from  the  ground  state  to  a *£*  excited  state  as  shown  in  Fig.  3.48. 
The  other  two  moments  for  the  higher  energy  Mp  bands  lie  along  the  ( 110) 
directions  perpendicular  to  the  vacancy  axis  and  correspond  to  transitions  from 

the  *E+  ground  state  to  the  *11  excited  states.  The  M and  bands  shown 
g u r 

in  Fig.  3. 49  lie  at  519  nm  (2. 39  eV)  and  366  nm  (3.  39  eV),  respectively,  since 
the  crystal-field  is  too  weak  to  split  the  Mp  band.  The  crystal  used  in  this 
spectrum  was  additively  colored  and  then  quenched  at  a moderate  rate  in  liquid 
nitrogen  to  form  M centers  exclusively.  Slower  quench  rates  allow  large 
aggregates  of  F centers  to  form,  and  more  rapid  quench  rates  form  F and  M 
centers  in  equal  concentrations.  The  spectrum  in  Fig.  3. 49  also  contains  a 
shoulder  at  390  nm  (3. 18  eV)  due  to  M centers,  a very  small  F band  at  376  nm 
(3. 30  eV)  which  can  only  be  distinguished  by  dichroic  measurements,  an  Fj- 
aggregate  band  at  677  nm  (1.  83  eV),  and  small  peaks  at  550  nm  (2.25  eV)  and 
600  nm  (2. 07  eV)  probably  due  to  impurity-color-center  complexes. 


The  dichroism  between  [001]  and  [010]  polarized  light  is  shown  in 
Figs.  3.50  and  3.51  for  the  M and  Mp  bands,  respectively,  of  additively 
colored  CaF2  . The  (a)  curves  give  the  dichroism  of  the  crystal  after  the  M 
centers  have  been  aligned  along  the  [001  ] direction  with  [001  ] polarized 
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Fig.  3.47.  Model  of  the  CaF^  lattice  showing  two  fluorine 
vacancies  along  the  [001]  axis  forming  an  M center.  The 
dashed  lines  represent  the  directions  of  the  optical  dipole 
moments  of  the  M center.  [W.  C.  Collins,  Phys.  Stat.  Sol. 
(b)  56,  291  (1973).] 
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[110]  [110] 


Fig.  3.48.  Comparison  of  the  energy  level  diagrams  for  the 
M and  M+  centers  aligned  with  the  [001]  axis  in  CaF^.  The 
direction  of  the  dipole  moment,  electron  configuration,  and 
symmetry  orbital  is  shown  for  the  M and  Mp  band  absorptions. 
[W.  C.  Collins,  Phys.  Stat.  Sol.  (b)  56,  291  (1973).] 


I 
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Fig.  3.49.  Absorption  spectrum  of  additively  colored  CaF2 
showing  the  two  strong  M-center  absorption  bands  at  519  and 
366  nm.  [W.  C.  Collins,  Phys.  Stat.  Sol.  (b)  56,  291  (1973).] 
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Wavelength  (nm) 


Fig.  3.50.  Dichroism  in  the  M-band  region:  (a)  after 
alignment  of  M centers  in  additively  colored  CaFg  with 
[001]  polarized  ultraviolet  light  and  (b)  after  subsequent 
bleaching  with  visible  light.  The  change  in  dichroism  is 
shown  by  the  lower  curve.  [W.  C.  Collins,  Phys.  Stat.  Sol. 
(b)  56,  291  (1973).] 
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Fig.  3.51.  Dichroism  in  the  Mp-  band  region:  (a)  after 
alignment  of  M centers  in  additively  colored  CaF^  with  [001] 
polarized  ultraviolet  light  and  (b)  after  subsequent  bleach- 
ing with  visible  light.  The  change  in  dichroism  is  shown  by 
the  lower  curve.  [ W.  C.  Collins,  Phys.  Stat.  Sol.  (b)  56, 
291  (1973).] 
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Fig.  3.52.  Absorption  spectra  of  CaF2:Sr:  (a)  before  X 
irradiation;  (b)  after  3 x 10^R;  and  (c)  after  8 x 10^R, 
Tr  = Tm  = 84  K.  [ P.  Gorlich  and  P.  Ullmann,  Phys.  Stat. 
Sol.  (b)  50,  577  (1972).] 
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ultraviolet  light.  This  ultraviolet  light  may  also  ionize  the  M center  to  form 

M+  centers,  or  ionize  other  centers  or  impurities  to  provide  electrons  to  form 

M'  centers.  The  (b)  curves  give  the  dichroism  after  the  crystal  has  been 

bleached  with  intense  visible  light  which  should  neutralize  any  M+  or  M’  centers. 

The  (a)  — (b)  difference  curve  in  Fig.  3. 50  shows  that  the  band  at  545  nm 

3 52 

(2.28  eV)  grows  at  the  expense  of  the  M band.  Since  Collins  ’ found  that  this 
band  was  much  more  stable  in  crystals  with  higher  concentrations  of  electron 
traps,  e.g. , trivalent  rare-earth  ions,  this  band  must  be  due  to  the  formation  of 
M+  centers  and  not  M'  centers. 

d.  centers  in  Sr-doped  and  Ba-doped  CaF2 . The  absorption 

spectra^*  ^0  of  strontium -doped  and  barium-doped  CaF2  before  and  after 

X-irradiation  are  shown  in  Figs.  3.52  and  3.53.  By  analogy  with  F^  centers 

in  alkali  halides,  the  color  centers  formed  in  these  crystals  are  designated  as 

F^g  centers,  where  the  index  AE  (alkaline  earth)  indicates  that  one  of  the  four 

Ca^+  lattice  cations  tetrahedrally  surrounding  an  F center  has  been  replaced 

3. 50 

by  a foreign  alkaline-earth  cation.  For  comparison,  Gdrlich  and  Ullmann 
gave  the  spectra  in  Fig.  3. 54  of  CaF2  and  BaF2  after  additive  coloration,  sub- 
tractive coloration  by  X-irradiation  at  37  K,  and  after  room-temperature 

3 50 

X-irradiation  of  Li-  , Na-  , and  K-doped  crystals.  Gdrlich  and  Ullmann 
imply  that  since  the  maximum  absorption  for  low-temperature  X-irradiated 
CaF2:Sr  occurs  at  301  nm  (4. 12  eV)  and  that  for  CaF2:Ba  occurs  at  315  nm 
(3. 94  eV),  there  is  probably  some  similarity  between  the  F^g  centers  in  these 
crystals  and  some  of  the  centers  formed  by  low-temperature  subractive  color- 
ation by  X-irradiation  of  pure  CaF2  , because  there  is  a strong  shoulder  at 
~310  nm  (4.00  eV)  on  the  F-center  peak. 
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Fig.  3.53.  Absorption  spectra  of  CaF2:Ba  : (a)  before  X-irradiation; 
(b)  after  3 x 10^R;  (c)  after  3 x 10^R,  = 48  K;  and  (c)  after  lO^R, 
Tr  = TM  = 84  K.  [P.  GSrlich  and  P.  Ullmann,  Phys.  Stat.  Sol.  (b)  50^ 
577  (1972)]. 
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Fig.  3.54.  Comparison  of  the  absorption  spectra  of  CaF^  and  SrF^  crystals 
after  additive  coloration,  subtractive  coloration  by  X-irradiation,  and 
X-irradiated  Li-,  Na-,  and  K-doped  crystals.  [P.  Gorlich  and  P.  Ullmann, 
Phys.  Stat.  Sol.  (b)  50,  577  (1972).] 
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e.  Self-trapped  hole  in  CaF2  . The  self-trapped  hole,  VK  center,  or 

fluorine  molecular  ion  has  been  found  in  CaF2:Tm  crystals  by  Hayes  and 
1 SI 

Twidell  * . The  V^.  centers  are  produced  by  X- irradiation  of  CaF2:Tm 

at  80  K,  and  they  decay  at  138  K with  the  emission  of  luminescence.  ESR 

experiments  confirm  that  the  fluorine  molecular  ion  lies  with  its  axis  along  a 

cube  edge  where  the  fluorine  neighbor  distance,  0.273  nm,  is  least.  Hayes 
3 53 

and  Twidell  reported  one  optical  absorption  band  at  350  nm  (3. 54  eV)  but 
did  not  give  a spectrum.  There  appears  to  be  no  subsequent  confirmation  in 
the  literature  of  the  self- trapped  hole  in  CaF2  . 

2_j_  ^ 

f.  Color  centers  in  CaF2 ; Mn  . The  absorption  spectra0'  of  pure 
and  manganese-doped  CaF2  crystals  before  and  after  X-irradiation  are  shown 
in  Figs.  3. 55  and  3. 56,  respectively.  In  addition  to  the  specified  manganese 
content  of  the  crystals,  they  all  contained  approximately  3 ppm  of  oxygen. 
Prior  to  X-ray  coloration,  the  pure  and  manganese-doped  CaF2  crystals 
exhibited  an  absorption  coefficient  0 = 1 cm  * which  increased  somewhat  at 
shorter  wavelengths  as  shown  in  Fig.  3.55.  It  can  be  seen  that  the 

CaF2:5  mol  % Mn  crystal  has  developed  a weak  absorption  band  near  400  nm 
(3. 10  eV)  and  increased  absorption  on  approaching  220  nm  (5. 64  eV).  This 
increase  in  absorption  in  CaF2  at  short  wavelengths  is  characteristic  of 
oxygen  'i  sulfur  contamination  (see  Sec.  m-B.  1). 

The  absorption  spectra  of  the  samples  in  Fig.  3.55  after  X-ray  coloration 
is  shown  in  Fig.  3. 56.  At  low  concentrations  the  manganese  impurity  merely 
enhances  the  colorability  of  CaF2  , while  at  high  concentrations  (e.  g. , in  the 
5 mol  % Mn  samples)  new  bands  are  formed  at  420  nm  (2. 95  eV)  and  300  nm 
(4. 13  eV).  The  1 mol  % Mn  sample  shows  a well  developed  band  at 
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Wavelength  (nm) 


Fig.  3.56.  Absorption  spectrum  of  X- irradiated  pure  and 
manganese-doped  CaF2*  [M.  D.  Agrawal  and  K.  V.  Rao,  Phys. 
Stat.  Soi . (a)  3,  153  (1976).] 
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375  nm  (3.31  eV)  identifiable  as  F centers  in  association  with  Mn  impurity 
atoms,  plus  bands  at  480  nm  (2.58  eV)  and  550  nm  (2.25  eV)  which  are  probably 
aggregates  of  F centers  associated  with  Mn  impurity  atoms.  In  the  5 mol  % Mn 

sample  the  F band  has  shifted  to  360  nm  (3. 44  eV)  because  of  lattice  distortion 

2+  2+ 
incurred  when  the  smaller  radius  Mn  ion  (0.091  nm)  is  substituted  for  the  Ca 

3 54 

ion  (0.  106  nm).  Agrawal  and  Rao  ' believe  the  absorption  at  300  nm  (4. 13  eV) 
0 2+ 

may  be  due  to  Mn  centers  formed  when  Mn  ions  trap  X-irradiation-produced 

3 55 

free  electrons,  because  such  centers  were  reported  by  Oceya  and  Itoh  ' in 
KC1:  Mn  as  giving  absorptions  near  280  nm  (4. 43  eV). 
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Sec.  III-C  MgF2 


Magnesium  fluoride  crystallizes  in  the  rutile  structure,  rather  than 
the  CaF2  structure  as  for  most  alkaline-earth  halides.  It  is  tetragonal, 
with  lattice  parameters  a = 0.4623  nm  and  c = 0.3052  nm.  One  of  the  attrac- 
tive features  of  MgF2  is  its  low  solubility  in  water  (0.013  g/lOOg  of  H20). 
This  value  of  solubility  is  lower  than  that  of  any  fluoride  except  CaF2. 

This  is  of  great  significance  because  many  fluorides  tend  to  lose  their 

3 56 

transmission  through  a reaction  with  moisture  present  in  the  air.  Hunter 

3 57 

and  Canfield,  et  al . , ‘ observed  very  little  aging  of  evaporated  MgF2 
films  when  they  were  exposed  to  air  for  prolonged  times. 

Figure  3.57  shows  the  transmittance  of  an  optically  polished  high- 

purity  crystal  of  MgF2  (sample  thickness  = 1.51  mm),  before  and  after  elec- 

3 58 

tron  irradiation,  in  the  region  from  110  to  300  nm  (11.3  to  4.13  eV). 

The  absorption  edge  corresponding  to  $ = 5 cm"^  [i.e.,  T = exp(-5) (0.151) 

= 0.47]  in  the  unirradiated  crystal  is  seen  at  118  nm  (10.5  eV).  This 

value  is  dependent  on  the  purity  and  the  orientation  of  the  crystal,  since 

3 59 

MgF2  is  anisotropic.  The  birefringence  of  MgF2  is  shown  in  Fig.  3.58. 

The  intrinsic  infrared-absorption  edge  for  MgF2,  corresponding  to 

6=5  cm"^  for  light  propagation  along  the  c-axis  of  the  crystal,  is  at 

0.138  eV  (9.01  ym).'*'®®  The  refractive  index  of  MgF2  between  178.0  and 

706.5  nm  (6.97  and  1.76  eV)  is  tabulated  in  the  American  Institute  of 
3 61 

Physics  Handbook.  With  decreasing  photon  energy  over  this  spectral 
range,  the  index  decreases  from  1.43975  to  1.37599  for  the  ordinary  ray, 
and  from  1.45365  to  1.38771  for  the  extraordinary  ray. 

*See  summary  Figures  1.4  and  1.11  of  Volume  I. 
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Fig.  3.57.  Transmittance  of  MgF2  before  and  after  irradiation 
by  1014  electrons/cm^  at  1.0  MeV  and  at  2.0  MeV.  [D.  F.  Heath 
and  P.  A.  Sacher,  Appl . Optics  !>,  937  (1966).] 
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Fig.  3.58.  Optical  properties  of  magnesium  fluoride,  (a)  is 
polarized  perpendicular  to  the  optic  axis;  (b)  is  polarized 
parallel  to  the  optic  axis.  Maximum  transmittance  for  each 
component  is  50%.  Accuracy  is  +3%.  Curve  (c)  is  the  bire- 
fringence. [W.  C.  Johnson,  Rev.  Sci . Instr.  35,  1375  (1964).] 
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1 . Temperature  dependence  of  the  transmittance  limit  of  MgFp  and 
some  other  VUV  materials.  The  short-wavelength  transmittance  limit  of 
various  vacuum-ultraviolet  window  materials  has  been  found  to  be  temperature 
dependent3,6^’3, 63, 3’64, 3,66,3,66 ; in  general,  as  the  temperature  decreases 
materials  transmit  to  shorter  wavelengths,  and  the  slope  of  the  transmit- 
tance as  a function  of  wavelength  becomes  steeper.  This  feature  is  illus- 
trated in  Fig.  3.59,  which  is  a transmittance-versus-wavelength  plot  of  a 
1 mm  thick  polished  MgF^  crystal  at  83,  200  and  296  K.  A decrease  in 
cutoff  wavelength  XCQ  (defined  arbitrarily  as  that  wavelength  at  which  the 
transmittance  could  just  be  measured,  usually  0.1  - 0.5  percent)  from  113.2 
to  109.7  nm  (10.95  to  11.30  eV)  is  seen  as  the  temperature  is  lowered  from 
296  to  83  K.  At  83  K,  the  MgF2  sample  shows  anomalously  low  transmittance 

at  longer  wavelengths,  apparently  due  to  the  condensation  of  residual  atmos- 

3 65 

phere  in  the  cryostat  on  the  crystal  surfaces. 

Figure  3.60  shows  the  temperature  dependence  of  XCQ  for  a number  of 

3 65 

vacuum-ultraviolet  materials.  Except  for  LaF0,  X for  all  materials 

3 co 

shifts  to  shorter  wavelengths  as  the  temperature  is  lowered;  depending  on 

the  material,  the  shift  varies  between  4 and  8 nm  over  the  temperature 

range  373  to  10  K,  with  BaF2  showing  the  largest  shift.  In  LaF3,  no  shift 

3 65 

in  Xc0  with  temperature  is  seen;  Hunter  and  Malo  * indicate  that  the 
anomalous  behavior  of  LaF-j  could  be  attributed  to  its  low  purity.  In  Fig. 
3.60,  the  + marks  in  the  case  of  BaF2  refer  to  measurements  made  on  cleaved 
samples,  while  the  other  data  points  are  from  polished  samples.  The  short 
solid  and  the  dashed  lines  in  this  figure  show  the  results  of  earlier  inves- 
tigators, Laufer,  et  al.,3,63  and  Davis3,64,  respectively. 
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Fig.  3.59.  Temperature  dependence  of  the  absorption 
edge  of  MgF^.  [W.  R.  Hunter  and  S.  A.  Malo,  J.  Phys. 
Chem.  Solids  30,  2739  (1969).] 
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Fig.  3.60.  The  temperature  dependence  of  the  short  wavelength 
transmittance  limit  of  various  vacuum-ultraviolet  materials. 
[W.  R.  Hunter  and  S.  A.  Malo,  J.  Phys.  Chem.  Solids  30,  2739 
(1969).] 
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2.  Transition  metal  ions  in  MqF^.  As  in  other  ionic  crystals,  the 
incorporation  of  transition-metal  ions  into  the  MgF^  lattice  gives  rise  to 
several  absorption  bands  over  a wide  spectral  range.  The  low-energy  transi- 
tions give  rise  to  absorptions  in  the  visible  and  near  infrared,  and  corre- 
spond to  the  excitations  within  the  transition-metal  d orbitals.  Many  of 

these  transitions  are  difficult  to  detect  optically  because  of  their  low 

-7  -5 

oscillator  strengths,  which  vary  from  10  to  10  depending  on  whether  the 
transitions  are  spin-forbidden  or  spin-allowed.  The  high-energy  transitions 

_3 

have  oscillator  strengths  of  the  order  of  10  or  more,  and  they  give  rise 
to  absorptions  in  the  ultraviolet  and  vacuum  ultraviolet. 

The  UV  and  VUV  absorption  spectra  at  room  temperature  and  4.2  K of 
2+  2+  2+  2+ 

Mn  -,  Fe  -,  and/or  Ni  -,  and  Co  -doped  MgF2,  KMgF3  and  CaF2  crystals 

o fi7 

are  shown  in  Figs.  3.61,  3.62  and  3.63,  respectively.  The  e in  the 
figure  captions  refers  to  the  molar  extinction  coefficient  which  is  deter- 
mined from  the  relation  e = p/cfc,  where  p is  the  optical  density,  c is  the 
impurity  concentration  in  moles  per  liter,  and  £ is  the  sample  thickness. 

The  experimentally  observed  peak  positions,  half-widths,  extinction 
coefficients  and  oscillator  strengths  of  high-energy  (5  to  10  eV  or  248  to 
129  nm)  absorption  bands  of  various  transition-metal  ions  in  fluoride  host 
crystals  are  summarized  in  Table  3.9.3'^7  Sabatini,  et  al.,3’67  have 
assigned  some  of  these  absorption  bands  to  3d  to  4s  excitation  of  the 
transition-metal  impurity.  These  transitions  have  three  important  char- 
acteristics: (i)  Their  oscillator  strengths  have  moderate  values,  of  the 
order  of  10  at  room  temperature,  which  decrease  on  cooling  (Table  3.9). 
(ii)  Their  spectral  positions  after  crystal-field  corrections  are  near 
those  of  3d  to  4s  free-ion  transitions,  (iii)  Their  transition  energies 
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Wavelength  (nm) 


190  170  150  130 


Photon  Energy  (eV) 


2+ 

Fig.  3.61.  Vacuum-ultraviolet  spectra  of  Mn  in  different 
host  crystals;  KMgF^iMn,  0.46  mm  thick,  e = 27.3 *0.D.; 

MgF,:Mn,  0.71  mm  thick,  e = 110x0.  D. ; CaF_:Mn,  1.01  mm 

^ 2+  2+  ^ ~ 
thick,  containing  both  Mn  and  Fe  , e = 260x0.D.  for 

Mn^+  and  870x0.D.  for  Fe^+.  [J.  F.  Sabatini,  A.  E.  Salwin, 

and  D.  S.  McClure,  Phys.  Rev.  B Vl_,  3832  (1975).] 
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Wavelength  (nm) 

400  300  200  180  160  140 


4 5 6 7 8 9 


Photon  Energy  (eV) 

2+  2+ 

Fig.  3.62.  Ultraviolet  spectra  of  crystals  containing  Fe  and/or  Ni  . 

(a)  KMgFg.-Fe  (B),  3.51  mm  thick,  e = 128  x O.D.;  (b)  KMgF^Fe  (Optovac), 

563  mm  thick,  e = 82  x O.D.  for  those  features  due  to  Fe2+;  (c)  KMgF3:Ni 

(Dietz),  0.97  mm  thick,  e = 28  x O.D.  for  any  features  due  to  Ni2+;  (d) 

KMgF-:Fe  (Hukin),  12.78  mm  thick;  e = 36  x O.D.  for  those  features  due 
^2+ 

to  Fe  , dashed  line  77  K;  (e)  KMgF,:Ni  (Guggenheim),  0.89  mm  thick, 
2+  2+  ^ 

containing  both  Ni  and  Fe  ; (f)  MgF^iFe,  0.57  mm  thick;  e = 56  x O.D. 

[J.  F.  Sabatini,  A.  E.  Salwin,  and  D.  S.  McClure,  Phys.  Rev.  B 1J_,  3832 
(1975).] 
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Wavelength  (nm) 
200  180  160  140 


2+ 

Fig.  3.63.  Vacuum-ultraviolet  spectra  of  Co  in 
crystals  with  crystal  metal -fluorine  distances  in 
solid  lines  - room  temperature,  dashed  lines  —4. 
0.80  mm  thick,  e = 31  *0.D.;  MgF2:Co,  0.68  mm  thick 
CaF2:Co,  0.77  mm  thick,  e = 320  x 0.D.;  LiF:Co, 
e = 100*o.d.  [J.  F.  Sabatini,  A.  E.  Salwin,  and 

Phys.  Rev.  B 11_,  3832  (1975).] 


different  host 
A indicated, 

! K,  KMgF3:Co, 
e = 15x0.  D.; 
.90  mm  thick, 
D.  S.  McClure, 
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Table  3.9.  Absorption  bands  of  the  transition-metal  ions  in  fluoride  host 
crystals  from  5 to  10  eV.  [J.  F.  Sabatini,  A.  E.  Salwin,  and  D.  S.  McClure, 


Phys.  Rev.  B 1]_,  3832  (1975).] 

System 

Temperature 

(K) 

Position  of 
Band  Maxima 
(eV) 

Full  Width  at 
Half-maximum 
(eV) 

Extinction 
Coefficient 
(liters/mol -cm) 

Oscillator 

Strength 

KMgF3:V 

300 

4.71 

0.87 

13 

3.9 

i 

o 

X 

77 

4.71 

0.87 

14 

4.1 

X 10-4 

300 

5.64 

0.62 

49 

1.1 

CO 

1 

o 

X 

77 

5.68 

0.43 

39 

5.9 

<3- 

1 

o 

X 

300 

8.11 

0.87 

770 

2.3 

X 10-2 

4.2 

8.16 

0.74 

1100 

2.8 

X 

o 

1 

r\3 

KMgF^iCr 

300 

5.75 

0.62 

9.2 

2.0 

X 10-4 

300 

7.32 

1.12  (?) 

130 

5.0 

X 10-3 

4.2 

7.32 

1.24  (?) 

156 

6.8 

CO 

1 

o 

X 

KMgF3:Mn 

300 

7.46 

0.43 

25 

3.7 

i 

o 

X 

4.2 

7.51 

0.31 

18 

1.9 

X 

o 

-p* 

KMgF3:Fe 

300 

6.08 

0.55 

40 

7.5 

X 

o 

1 

-p* 

4.2 

6.08 

0.55 

40 

7.5 

X 

o 

1 

0.56 

1 1 2a 

2.3 

X 10-3 

300 

7.94 

0.56 

3400b 

6.5 

X 10'2 

160a  (?) 

2.6 

X 10’3 

300 

8.43 

0.43 

4900b  (?) 

7.3 

X 10'2 

KMgF3:Co 

300 

7.76 

0.25 

40 

3.5 

o 

X 

4.2 

7.87 

0.21 

40 

2.9 

X 10-4 

KMgF3 : Ni 

300 

7.94 

0.74  (?) 

28 

7.3 

X 10-4 

MgF^:Mn 

300 

7.64 

0.52 

61 

1.1 

CO 

1 

o 

X 

4.2 

7.75 

0.56 

45 

8.8 

1 

o 

X 

MgF^tCo 

300 

7.85 

0.37 

35 

4.5 

X 

o 

1 

-p* 

4.2 

7.96 

0.25 

28 

2.5 

X 

o 

1 

CaF2:Co 

300 

7.63 

0.24 

450 

3.7 

X 10'3 

4.2 

7.77 

0.16 

380 

2.1 

X 10-3 

aAssuming  band  to  be  an  Fe  transition.  ^Assuming  band  to  be  an  Ni  transition. 
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are  dependent  on  the  temperature  and  the  lattice  constant  of  the  host;  they 
increase  on  cooling  and  when  the  lattice  constant  is  reduced  (Fig.  3.63  and 
Table  3.9). 

2+ 

Numerous  peaks  are  seen  in  the  ultraviolet  absorption  spectra  of  Fe  - 

doped  fluoride  host  crystals  (Fig.  3.62).  Their  assignments  were  made  dif- 

2+ 

ficult  by  the  presence  of  F centers,  Ni  and  other  background  impurities 
in  the  crystals. 

2+ 

The  site  symmetry  of  Fe  in  MgF2  lattice  is  D2h.  The  crystal-field 
6 2+ 

splitting  of  the  3d  orbital  of  the  Fe  ion  in  this  symmetry  is  shown  in 
3 68 

Fig.  3.64.  The  spin-allowed  transitions  labeled  1 and  2 in  the  figure 
give  rise  to  two  broad  absorption  bands  in  the  near  infrared.  These  bands 
peak  at  1026  nm  (1.209  eV)  and  959.7  nm  (1.292  eV)  at  room  temperature,  but 
shift  to  1220  nm  (1.017  eV)  and  938.5  nm  (1.319  eV)  at  6 K.  At  low  tempera- 
tures, the  zero-phonon  line  and  the  multiphonon  sideband  structures  are 
also  observed  (Fig.  3.65).  At  6 K,  the  zero-phonon  line  appears  at  1360  nm 
(0.913  eV)  with  a half-width  of  2.3  x 10~3  eV,  and  is  assigned  to  the  tran- 
sition from  the  1±2>  spin  doublet  of  the  A-j  ground  state  to  the  1±2>  spin 
doublet  of  the  B3  state  (transition  labeled  3 in  Fig.  3.64).  On  heating 
from  6 K to  59  K,  the  structure  of  the  multiphonon  sideband  becomes  less 
prominent,  the  intensity  of  the  zero-phonon  line  decreases,  and  a new  line 
appears  on  the  low-energy  side  of  the  zero-phonon  line  at  1363  nm  (0.910  eV), 
as  shown  in  Fig.  3.66.  This  line  has  been  assigned  to  the  transition  be- 
tween the  1-1>  spin  states  of  the  A^  ground  state  and  the  B3  orbital  (tran- 
sition 3 in  Fig.  3.64). 

The  low  oscillator  strengths  of  many  spin-forbidden  intra-d-shell 
transitions  can  be  increased  by  up  to  3 orders  of  magnitude  by  irradiation. 
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Fig.  3.64.  Crystal  field  splitting  of  the  3d^  orbital 

O • 

of  Fe  in  D2h  symmetry.  [U.  Durr  and  R.  Weber,  Solid 
State  Comm.  14,  907  (1974).] 


Photon  Energy  (eV) 


Fig.  3.65.  Absorption  spectrum  and  one-phonon  portion 
MgF2:Fe2+.  [U.  Durr  and  R.  Weber,  Solid  State  Comm. 
14,  907  (1974).] 


Sec.  II 


I-C  MgF2 


2+ 

Fig.  3.66.  Absorption  spectrum  of  MgF2:Fe  between 
0.905  and  0.955  eV  at  6 K and  40  K.  [U.  Diirr  and 
R.  Weber,  Solid  State  Comm.  14^  907  (1974).] 
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as  shown  in  Fig.  3.67  for  ciystals  of  MgF2:2  atomic  percent  Co,  MgF2:0.75 

3 69 

atomic  percent  Ni , and  MgF2:0.05  atomic  percent  Mn.  ' In  the  figure 
the  optical  spectra  before  irradiation  are  labeled  a and  those  after  a 
Y-ray  exposure  of  10^  R are  labeled  b.  The  possible  assignments  for  var- 
ious transitions,  their  peak  positions  and  oscillator  strengths  before  and 

3 69 

after  y-ray  irradiation  are  listed  in  Tables  3.10  and  3.11.  ' After 

irradiation  the  previously  spin-forbidden  transitions  (e.g.,  all  the  tran- 
2+ 

sitions  for  Mn  impurity)  show  a significant  increase  in  oscillator 
strength,  while  spin-allowed  transitions  (e.g.,  4Tlg(4F)  -*■  ^g^^’ 

4Tlg(4F)  -*■  4A2g(4F),  and  4T]g(4F)  -+  4Tlg(4P)  for  Co2+  impurity)  show 
little  change  in  intensity. 

Irradiation  of  MgF2  doped  with  transition-metal  ions  produces  various 

defects,  including  F centers  and  F-aggregate  centers.  Many  of  these  defects 

have  high  mobility  and  are  likely  to  be  trapped  near  transition-metal  sites. 

Detailed  optical  studies  on  the  absorption  and  emission  of  3d  impurity  ions 

3 70 

in  MgF2  have  led  Yun,  et  al . , ' to  suggest  that  the  radiation-induced 

enhancement  of  the  spin-forbidden  transitions  is  due  to  the  exchange  inter- 
action between  the  3d  electrons  and  color  centers. 

3.  Radiative  coloration  of  MgFp.  Radiation-induced  defects  in  MgF2 

have  not  been  studied  as  extensively  as  in  alkali  halides.  Early  studies 

of  the  optical  properties  of  irradiated  MgF2  led  to  a tentative  assignment 

of  the  absorption  band  near  260  nm  to  F centers  and  the  bands  near  320  and 

3 71 

376  nm  to  M-center  absorption.  ‘ The  F center  in  an  alkali-halide  lattice 
♦ 

has  an  octahedral  symmetry,  and  its  excited  state  is  triply  degenerate.  In 
the  MgF2  lattice,  the  F center  is  expected  to  give  rise  to  a broadened 
absorption  band  because  its  C2v  symmetry  can  lift  the  degeneracy  of  the 
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Fig.  3.67.  Room- temperature  absorption  spectra  illustrating  the 
enhancement  of  the  spin-forbidden  transitions  for  Co2+,  Ni2+,  and 
Mn^+  impurity  ions  in  MgF2.  Spectra  labeled  (a)  represent  the 
absorption  in  unirradiated  crystals  while  the  curves  labeled  (b) 
show  the  absorption  following  y irradiation.  [L.  A.  Kappers, 
S.  I.  Yun,  and  W.  A.  Sibley,  Phys.  Rev.  B 29,  943  (1972).] 


103 


and  N'n  transitions  in  MgF?  crystals.  [L.  A.  Kappers,  S.  I.  Yun,  and  W.  A.  Sibley, 


r 


Sec.  III-C  MgFr 


CM 

r^. 

cr> 


ro 
c n 

+ 

CVi  ", 
C 0% 
21  CM] 

CO 

o • 

r—  > 

• Q) 

co  q: 

cu  • 

• — */) 

■n  >> 

rO  -C 
h-  Q- 


cn 

c 

cu 

s- 


u 

co 

o 


CM 

Li- 

en 


q3 

£ "5 

< £ 

s- 


£ S 

£42 


< U 
CO 


“O 

rO 

S- 

S- 


c 

o 


^ ‘I— 

, — 

co 

O 

Cj- 

CM 

LO 

co 

ro  +-> 

> 

cn 

CO 

r— 

co 

O 

CO 

CU  -r- 

<U 

• 

• 

• 

• 

• 

• 

• 

Q_  CO 



0 

r— 

CM 

CM 

CO 

co 

CO 

o 

Q_ 


CD 

E«— 

C X 
cnO 

•t~ ' — 

00 

</) 

<£ 


CO 

Cn 

CNJ 

c 

CO 


c 

2: 


CNJ 

Li- 

en 


o 

to 

o 


cu 

L. 


(U 

CO 


c 

<u 


c _c 
C7»0 


CO 

CO 


<S) 

co 


< 

co 


co 

I 

o 

X 

00 

CO 


co 

I 

o 

X 

cn 


co 

o 

X 

OY 


co 

1 

o 

X 

co 

00 


CO 

I 

o 

X 

co 

00 


1 

o 

X 

CO 


LT) 

I 

o 

X 

r^ 


Lf) 

I 

o 


X 

cn 


LT) 

I 

O 

X 

Lf> 


00 

I 

o 


IT) 

I 

o 

X 

LT) 


r*- 

o 


v 


x 

co 

v 


Q_ 

co 


cd 


CD 


CD 


cn 

CM 


cn 

CM 


cn 

CM 


c 

0 

LO 

LO 

CO 

LO 

•r* 

1 

1 

1 

1 

1 

4-> 

O 

O 

O 

0 

O 

ro 

r— 

r— 

r— 

r— 

r— 

•r— 

“O 

X 

X 

X 

X 

X 

rO 

CO 

cn 

O 

00 

S- 

• 

• 

s- 

CM 

CM 

r— 

f— 

CM 

P—4 

c 



0 

r-* 

r^. 

r*** 

Cn. 

•f— 

i' 

1 

1 1 

1 

1 

4-> 

0 

O 

0 0 

O 

0 

rO 

r— 

r— 

r—  r— 

r— 

r— 

•r— 

TD 

X 

X 

X X 

X 

X 

ro 

CO 

<n  *— 

0 

cn 

S- 

• 

• 

• • 

s- 

CO 

CM 

r—  1— 

CM 

CM 

1 

o 

X 

CO 


c 

0 

^ *r~ 

CO 

00 

cn 

10 

LO 

co 

ro  4-> 

> 

to 

cn 

cn 

co 

cn 

<U  *r- 

cu 

• 

• 

• 

• 

Q_  CO 

O 

— 

CM 

CM 

CM 

CO 

CO 

*3- 

*3- 

w 

a. 

o 

*3" 


CD 


CD 


cn 

CM 


CD 

*3- 


*3* 


CD 


Q 


cn 

CM 


o 

*3- 


Q. 


cn  «— 


cn 

CM 

<£ 


cn 

CM 


104 


4.96 


Sec.  III-C  MgF2 


Table  3.11.  Co2+  transitions  in  MgF2  crystals.  [L.  A.  Kappers, 
S.  I.  Yun,  and  W.  A.  Sibley,  Phys.  Rev.  B 29,  943  (1972).] 


MgF2:Co 

Assignment 

(0.) 

Peak 

Position 

Oscillator  Strength 

\/F)  ' 

- 

(eV) 

Before 

Irradiation 

After 

Irradiation 

4V4f> 

0.912 

3. Ox  10"6 

3.4  x 10-6 

\(h) 

1.46 

2.5  xlO'8 

1 .5  x 10"6 

1.82 

1 .6  x 10~6 

1.5  xlO-6 

2l2g,2Tig 

(2G) 

2.15 

8.4 x 10'8 

l.Ox  10'5 

4V4p> 

/ 2 . 38 1 
l 2.68  f 

2.1  x 10'5 

2.1  x 10"5 

2T,9(2H) 

2A,g(2G) 

] 

) 

I 

> 2.55 

1 

3.6  x 10"6 

2jlg’2T2g 

(2H) 

2.70 

4.8  xlO"6 

2e9(2h) 

3.09 

2.9  xlO'8 

1.5x  10'6 

2v2p>  | 

^g-V0’  ' 

| 3.63 

< 6.4  x 10-8 

3.2x  10"5 

2rlg>2A2g 

2V2p> 

(2  F)  | 

i 

j 4.07 

<6.5  x 10”8 

6.1  x 10"5 
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3 72 

excited  state.  ' M centers  with  four  different  symmetries,  C2V, 

D^h  and  C-j  are  possible  in  the  MgF2  lattice,  as  shown  in  Fig.  3.68.^*^ 

The  transmittance  spectrum  of  an  electron-irradiated  MgF2  crystal  is 
3 58 

shown  in  Fig.  3.57.  ’ Two  absorption  bands  are  seen:  a strong  band  at 
260  nm  (4.77  eV),  presumably  due  to  F centers,  and  a considerably  weaker 
band  at  120  nm  (10.3  eV),  presumably  due  to  the  8 bands  (exciton  perturbed 
by  an  F center). 

Optical  absorption  spectra  of  neutron-irradiated  MgF2  crystals  are 
3 74 

shown  in  Fig.  3.69.  ' Again,  two  bands  are  seen,  the  F band  near  4.8  eV 
(260  nm)  and  the  band  at  10.6  eV  (117  nm)  near  the  fundamental  absorption 
edge.  Since  the  F band  and  the  10.6  eV  band  could  be  bleached  simultane- 
ously with  the  F light  (Fig.  3.69),  and  since  the  optical  density  of  the 
F band  varied  linearly  with  that  of  the  10.6  eV  band  during  the  course  of 
bleaching  experiments  (Fig.  3.70),  the  10.6  eV  band  was  assigned  to  the 
8 band,  the  exciton  perturbed  by  an  F center. 

The  effects  of  irradiation  temperature,  radiation  intensity,  and  back- 
ground impurity  content  on  the  colorability  of  MgF2  have  been  studied  in 
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some  detail  by  Sibley  and  Facey.  ' In  this  work,  MgF2  crystals  from  three 
commercial  sources,  the  Harshaw  Chemical  Co.,  Alpha  Inorganics  and  Optovac 
Corporation,  were  used.  Their  background  impurity  contents  are  indicated 
in  Table  3.12.  Both  unoriented  and  oriented  samples  were  used  in  this 
work;  the  two  orientations  used  are  indicated  by  C||  , where  the  sample  face 
is  parallel  to  the  c-axis  and  c±.  where  the  specimen  face  is  perpendicular 
to  the  c-axis. 

Figure  3.71  shows  the  absorption  spectra  of  y-irradiated  MgF2  crystals  in 
the  spectral  range  177  to  620  nm.  The  F-center  band  near  260  nm  (4.77  eV)  and  a 
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a • 0.4623  nm 
b * 0.3052  nm 


Fig.  3.68.  MgF£  lattice.  The  four  possible  M-center  configurations 
are  shown  by  the  solid  lines.  [0.  E.  Facey  and  W.  A.  Sibley,  Phys. 
Rev.  B 2,  1111  (1970).] 


Fig.  3.69.  Absorption  spectra  of  neutron-irradiated  MgF£  crystals. 
1.  Before  bleaching  (n-irradiated  for  5 hrs).  2.  Bleached  for 
1 hr.  3.  Bleached  for  1 + 3.5  hrs.  4.  Unirradiated.  [T.  Tsuboi , 
R.  Kato,  and  M.  Nakagawa,  J.  Phys.  Soc.  Japan  25^,  645  (1968).] 
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Fig.  3.70.  Relation  between  the  optical  densities,  O.D. , of  10.6  eV- 
and  F-bands.  Specimen  #1:  neutron  irradiated  for  7 hours,  then 
optically  bleached  for  1 hour  and  1 + 2 hours,  #2:  irradiated  for 
5 hours,  then  bleached  for  1 hour  and  1 + 3.5  hours,  #3:  irradi- 
ated for  3 hours.  [T.  Tsuboi,  R.  Kato,  and  M.  Nakagawa,  J.  Phys. 
Soc.  Japan  25,  645  (1968).] 


Table  3.12.  Impurity  analyses  of  samples  (pg/g).  [W.  A.  Sibley 

and  0.  E.  Facey,  Phys.  Rev.  1_74,  1074  (1968).] 


Element 

Harshaw 

a Inorganic 

Optovac 

A1 

2-10 

5-10 

• • • 

Ba 

<1 

<1-10 

• • • 

Ca 

< 20 

8 

• • • 

Co 

< 10 

4 

• • • 

Cr 

<1-9 

<1-50 

45 

Cu 

10-40 

5,20 

• • • 

Fe 

<4 

<4-10 

150-180 

K 

3 

8 

• • • 

Mn 

1 

3-50 

• • • 

Na 

<10 

< 10 

69 

Mo 

<10-60 

< 10-55 

• • • 

Pb 

<10 

< 10 

• • • 

Si 

100 

<10 

• • • 

Zn 

< 100 

< 100 

• o • 
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Wavelength  (nm) 
200  250  300  400  500 


Fig.  3.71.  Absorption  spectra  of  two  samples  of  MgF2  cut 
with  different  orientations  and  irradiated  to  about  the 
same  y dose.  [W.  A.  Sibley  and  0.  E.  Facey,  Phys.  Rev. 
174,  1074  (1968).] 
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smaller  M-center  band  near  376  nm  (3.30  eV)  are  seen,  and  the  orientation 
dependence  of  the  peak  position  of  the  band  near  260  nm  is  apparent. 

Figure  3.72  shows  a plot  of  energy  absorbed  by  the  sample  during  irra- 
diation versus  the  absorption  coefficient  of  the  260  nm  band  or  the  product 
npf,  where  nf  is  the  concentration  of  centers  responsible  for  the  260  nm 
band  and  f is  the  oscillator  strength  of  each  center.  The  colorability  of 
MgF^  is  strongly  dependent  on  the  radiation  intensity  and  the  C||  samples 
can  be  colored  more  efficiently  than  the  samples.  This  latter  effect 
was  attributed  to  the  anisotropy  of  the  oscillator  strength. 

The  influence  of  background  impurity  content  (Table  3.12)  on  the 
colorability  of  MgF2  is  shown  in  Fig.  3.73.  The  irradiation  temperature 
also  has  a strong  influence  on  the  colorability  of  MgF^  (Fig.  3.74).  As 
the  temperature  is  increased  from  5 to  300  K,  the  efficiency  of  the  color- 
ation first  decreases,  reaching  a minimum  between  80  and  200  K,  and  then 
increases  again  at  higher  temperatures. 

The  irradiation  temperature  and  intensity  have  a marked  influence  on 

the  structure  of  the  absorptions  near  376  nm,  as  illustrated  in  Fig.  3.75. 

In  this  figure  the  solid  absorption  curve  was  obtained  from  a crystal  which 

12  2 

was  electron-irradiated  with  intensity  1.2  x 10  MeV/cm  at  300  K,  and  the 
dashed  absorption  curve  was  obtained  from  a crystal  which  was  electron- 
irradiated  at  273  K with  the  same  intensity  but  for  a shorter  period  of 
time.  Two  different  kinds  of  centers,  one  causing  absorption  peaking  near 
370  nm  (3.35  eV)  and  the  other  near  400  nm  (3.10  eV),  are  apparent. 

Figure  3.76  shows  that  a straight-line  relationship  is  observed  when 
the  total  area  under  the  370  and  400  nm  bands  is  plotted  against  the  square 
of  the  total  area  under  the  260  nm  band.  A straight-line  relationship  is 
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Fig.  3.72  Effect  of  radiation  intensity  on  the  room- temperature 
colorability  of  MgFg.  [W.  A.  Sibley  and  0.  E.  Facey,  Phys.  Rev. 
174,  1074  (1968).] 
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Fig.  3.73.  Colorabil ity , at  one  irradiation  temperature  and 
intensity,  of  samples  obtained  from  a number  of  different 
commercial  sources.  [W.  A.  Sibley  and  0.  E.  Facey,  Phys. 
Rev.  174,  1074  (1968).] 
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Fig.  3.74.  Plot  of  the  F-center  concentration  versus  energy  absorbed 

as  a function  of  irradiation  temperature.  The  data  were  taken  on  Harshaw 

13  2 

samples  at  a fixed  radiation  intensity  of  1.2x10  MeV/cm  sec.  [W. 
A.  Sibley  and  0.  E.  Facey,  Phys.  Rev.  174,  1074  (1968).] 
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Fig.  3.75.  Plot  of  the  absorption  coefficient  versus  photon  energy  for 
one  sample  irradiated  at  two  different  temperatures.  [W.  A.  S’'bley  and 
0.  E.  Facey,  Phys.  Rev.  1_74,  1074  (1968).] 
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(F-Band  Area)2  (eV2  cm"2) 


Fig.  3.76.  Total  area  under  the  absorption  bands  at  370  and 
400  nm  is  plotted  versus  the  square  of  the  total  area  under 
the  260  nm  absorption  band  for  two  different  temperatures. 
In  the  inset  the  absorption  coefficient  at  the  peak  of  the 
370  and  400  nm  bands  versus  the  square  of  the  absorption  co- 
efficient at  the  peak  of  the  260  nm  band  is  plotted  for  a 
radiation  temperature  of  17  C.  [W.  A.  Sibley  and  0.  E.  Facey, 
Phys.  Rev.  174,  1074  (1968).] 
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also  observed  when  the  intensity  of  the  peak  of  the  370  nm  or  400  nm 
absorption  band  is  plotted  against  the  square  of  the  intensity  of  the  260 
nm  band,  as  shown  in  the  inset  of  Fig.  3.76.  Since  it  has  been  shown 
earlier  that  the  concentration  of  M centers  in  KCJt  varies  linearly  with  the 
square  of  the  F-center  concentration,  Sibley  and  Facey  assigned  the  260 
nm  band  to  F centers  and  the  370  nm  and  400  nm  bands  to  two  different  con- 
figurations of  the  M centers. 

Additional  work  has  established  that  the  370  nm  absorption  band  is 
caused  by  M centers  with  C2h  symmetry,  M(C2h),  and  the  400  nm  band  is 
caused  by  M(C-j)  centers  (Fig.  3.68).^'^’ 

The  excitation  of  the  370  nm  (3.35  eV)  band  gives  rise  to  an  emission 
band  peaking  at  420  nm  (2.96  eV).  At  low  temperatures,  narrow  line  transi- 
tions are  observed  on  the  low-energy  side  of  the  absorption  band  and  on  the 
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high-energy  side  of  the  emission  band  (Fig.  3.77).  ' These  narrow  line 
transitions  have  a mirror  symmetry  about  the  zero-phonon  line,  observed  at 
387.3  nm,  and  have  been  assigned  to  transitions  involving  the  lattice  vibra- 
tion modes.  The  energy  difference  in  wave  numbers  between  the  zero-phonon 
line  in  absorption  and  emission  and  the  other  sharp  lines,  and  the  possible 
lattice-mode  assignments,  are  indicated  in  Table  3.13. 

• 

4.  Additive  coloration  of  MqFp.  MgF2  crystals  can  be  additively  col- 

3 76 

ored  by  heating  in  Mg  vapor.  The  optical  absorption  spectrum  of  such  a 

crystal  is  shown  by  the  dashed  line  in  Fig.  3.78.  Two  bands  are  seeij,  an 

unpolarized  band  at  370  nm  (3.35  eV)  and  a broad  band  near  250  nm  (4.96  eV). 

3 76 

Both  of  these  bands  have  been  attributed  to  vacancy  clusters.  When  an 
additively  colored  crystal  is  cooled  to  liquid-helium  temperature,  fine  line 
structure  appears  on  the  low-energy  side  of  the  370  nm  band,  as  shown  in 
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Wavelength  (nm) 

345  365  385  405  425  445  465  485 


3.6  3.4  3.2  3.0  2.8  2-6  2.4 

Photon  Energy  (eV) 

Fig.  3.77.  Normalized  absorption  and  emission  at  7 K of  the  M(C0,  ) center. 

£.n 

The  sharp  line  structure  is  evident  for  absorption,  but  is  so  weak  in  the 
case  of  the  luminescence  that  it  is  shown  in  the  inset  with  the  scale  ex- 
panded. [0.  E.  Facey  and  W.  A.  Sibley,  Phys.  Rev.  B 2,  1111  (1970).] 


MgF2 
7 K 

l not  given 


Table 

Sibley 

3.13. 

, Phys.  1 

Narrow 

Rev.  B 

-line  transitions  in 

2,  1111  (1970).] 

MgF2. 

[0.  E.  Facey  and  W.  A. 

Absorption 

Peak  position 

(nm)  (eV) 

Energy 

differ 

ence 

(eV) 

Luminescence 

Peak  position 

(nm)  (eV) 

Energy 

differ- 

ence 

(eV) 

Lattice  mode 

Assignment 

(eV) 

387.3 

3.20 

387.0  3.20 

385.7 

3.21 

0.013 

388.5  3.19 

0.013 

0.011 (Ts)  or  0.015(X2) 

384.5 

3.22 

0.023 

390.2  3.18 

0.026 

0.022(r6),  0.026(Xi), 
or  0.023(Z2) 

382.7 

3.24 

0.038 

392.0  3.16 

0.040 

o.037(r10  ),  o.04o(r3), 
or  0.037(X3) 

380.8 

3.26 

0.055 

393.5  (?)  3.15 

0.052 

0.054(I\).  0.056(Xi ) , 
0.055(X2 ) , 0.055(Z2) , 
or  0.056(rs) 
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Wavelength  (nm) 

200  250  300  400  500 


MgF2 

RT 

1 not  given 


Fig.  3.78.  Plot  of  the  absorption  coefficient  versus 

photon  energy  for  an  MgF2  crystal  additively  colored  at 

1200  C and  740  torr  before  y- irradiation  and  following 

15  3 

a y-dose  of  2.4  x 10  MeV/cm  . The  inset  shows  the 
sharp  line  spectra  which  appear  at  4 K on  the  low-energy 
s:'i<i  of  the  unpolarized  370  nm  band.  [W.  E.  Vehse, 
0.  E.  Facey,  and  W.  A.  Sibley,  Phys.  Stat.  Sol.  (a) 

679  (1970).] 
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the  inset  of  Fig.  3.78.  The  solid  line  in  the  figure  shows  the  optical 

absorption  spectrum  of  an  MgF^  crystal  which  was  irradiated  after  additive 

coloration.  The  absorption  band  at  265  nm  (4.68  eV)  grows  at  the  expense 

of  the  250  and  370  nm  bands,  and  its  optical  properties  have  been  found  to 

be  similar  to  the  265  nm  band  observed  in  irradiated  MgF^  crystals  (with 

no  prior  additive  coloration).  Therefore  the  265  nm  band  in  additively 

3 78 

colored  crystals  has  also  been  attributed  to  F centers.  ' 

Figure  3.79  compares  the  growth  of  the  265  nm  band  as  a function  of 
y-ray  exposure  in  an  as-grown  sample,  a crystal  that  was  annealed  at  1200 
C for  one  hour  in  argon  atmosphere,  and  a crystal  that  was  additively 
colored  by  heating  in  magnesium  vapor  at  1200  C for  one  hour.  At  low 
exposures  (inset  in  Fig.  3.79)  more  F centers  are  observed  in  the  addi- 
tively colored  sample  than  in  the  other  two  samples.  Apparently,  irradi- 
ation breaks  up  vacancy  clusters  formed  by  additive  coloration  and  converts 
them  into  isolated  F centers, 

MgF2  crystals  have  also  been  additively  colored  by  heating  in  A£ 

3 7fi 

vapor.  In  this  case,  F centers  are  produced  directly  without  any  need 

for  subsequent  irradiation. 
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Energy  Absorbed  (10^  MeV/cm3) 


Fig.  3.79.  Colorability  of  an  additively  colored  MgF^ 
crystal  as  compared  with  the  colorability  of  similar 
crystals  heated  in  an  inert  atmosphere.  An  untreated 
crystal  is  shown  for  reference.  [W.  A.  Vehse,  0.  E. 
Facey,  and  W.  A.  Sibley,  Phys.  Stat.  Sol.  (a)  1,  679 
(1970).] 
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IV.  OXIDES  AND  GLASSES* 

A.  Silicon  Dioxide  and  Some  Silicate  Glasses 

Silicon  dioxide  (Si02)  exists  in  both  crystalline  and  non-crystalline 
forms.  It  melts  at  1710  C and  cn  cooling  sets  to  a transparent  glass  - the 
non-crystalline  form  - which  is  often  referred  to  as  silica  glass,  vitreous 
silica,  fused  silica  or  simply  as  silica.  Its  structure  is  basic  to  various 
silicate  glasses. 

Crystalline  Si02  can  be  prepared  in  the  laboratory  and  is  also  found 
as  a mineral  in  three  basic  structures  - quartz,  tridymite,  and  cristobalite. 
Each  of  these  three  polymorphic  forms  can  exist  in  two  or  three  subsidiary 
forms.  The  most  stable  forms  are  low  (or  a)  quartz  below  573  C,  high  (or  3) 
quartz  573  to  867  C,  high  tridymite  867  to  1470  C,  and  high  cristobalite 
1470  to  1710  C. 

The  basic  structural  unit  in  all  known  forms  of  silicon  dioxide  con- 
sists of  an  SiO^  tetrahedron  in  which  each  silicon  atom  is  surrounded  by 
four  tetrahedrally  located  oxygen  atoms.  Crystalline  SiO^  consists  of  a 
three-dimensional  network  of  Si 0^  tetrahedron  joined  so  that  each  oxygen 
atom  is  common  to  two  tetrahedra.  Different  ways  of  combining  tetrahedral 
groups  with  all  corners  shared  correspond  to  the  different  polymorphic 
forms  of  SiOg- 

The  same  tetrahedral  SiO^  structure  exists  in  glassy  silica,  which, 

however,  lacks  long-range  periodicity.  Schematic  two-dimensional  repre- 

4 1 

sentations  of  crystalline  and  glassy  S102  are  shown  In  Fig.  4.1. 

*See  summary  Figures  1.8,  1.9,  and  1.13  of  Volume  I. 
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(a) 


(b) 


Fig.  4.1.  Two-dimensional  representation  of  (a)  crystalline  and 
(b)  glassy  SiC^.  [J.  I.  Slaughter,  in  Ceramics  for  Advanced 
Technologies,  J.  E.  Hove  and  W.  C.  Riley,  eds.,  Wiley,  New  York, 
1965,  pp.  218-250.] 
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In  fused  silica  and  a-quartz  the  Si-0  bond  distance  is  approximately 

0.161  nm.  The  Si -0-Si  bond  angle,  which  may  vary  in  fused  silica,  is  144° 
in  a-quartz. 

Some  of  the  material  which  has  been  selected  for  this  section  as  per- 
tinent to  the  present  report  has  been  discussed  in  greater  detail  in  review 
articles  by  Lell,  et  al.4-2  and  Sigel.4'3 

1.  Some  common  impurities  in  Si  Op.  Alkali  oxides,  aluminum  and 

hydrogen  are  common  impurities  in  Si 02 • Considerations  of  the  oxygen- 

to-silicon  ratio  indicate  that  the  non-bridging  oxygens,  that  is  oxygen 

bonded  to  only  one  silicon,  will  be  generated  by  the  presence  of  alkali  oxide. 

In  Si02«  the  oxygen-to-silicon  ratio  of  two  requires  that  each  oxygen  be 

bonded  to  two  silicon  atoms  forming  an  infinite  three-dimensional  network. 

As  Na20,  for  example,  is  added,  the  Na+  can  be  accommodated  in  the  inter- 

4 4 

stices  of  the  structure,  as  shown  in  Fig.  4.2.  * This  results  in  an  increase 
in  the  0:Si  ratio,  which  will  require  that  the  infinite  network  be  broken 
at  several  points  corresponding  to  oxygen  ions  bonded  to  single  silicon. 
Hydrogen,  like  alkali  ions,  also  generates  non-bridging  oxygen  in  the  Si02 
network . 

Aluminum  normally  substitutes  for  silicon  in  the  Si02  structure,  but 
since  it  is  trivalent,  aluminum  has  to  accept  an  additional  negative  charge 
which  in  turn  is  compensated  by  an  alkali  ion  in  its  vicinity.  Aluminum 
addition  to  alkali -doped  Si02  leads  to  a decrease  in  the  concentration  of 
non-bridging  oxygens. 

2.  Fundamental  and  common  Impurity-related  UV  absorption  in  SiOo. 

The  positions  of  the  ultraviolet  absorption  edges  of  high-purity  quartz. 
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fused  silica,  and  a sodium  silicate  (2  S102 - 1 Na^O)  glass  are  shown  in 

4 3 -1 

Fig.  4.3.  ' The  absorption  edge,  corresponding  to  6 = 5 cm  , is  seen  at 

approximately  148  nm  (8.38  eV)  for  quartz,  at  168  nm  (7.38  eV)  for  fused 

silica,  and  at  236  nm  (5.25  eV)  for  the  sodium-silicate  glass.  The  observed 

shift  of  the  absorption  edge  of  fused  silica  relative  to  quartz  is  believed 

to  be  due  to  the  distribution  of  Si-O-Si  bond  angles  in  fused  silica.  Notice 

that  the  absorption  tail  in  quartz  or  silica  is  much  steeper  than  that  in 

sodium-silicate  glass. 

Reflectance  spectra  in  the  region  of  6 - 14  eV  (207  - 89  nm)  of  crys- 

4 3 

talline  and  glassy  Si02  are  shown  in  Fig.  4.4.  ’ The  similarity  in  the 
spectra  of  both  materials  suggests  that  the  absorption  arises  from  the  elec- 
tronic transitions  characteristic  of  the  SiO^  tetrahedron. 

Optical  attenuation  in  a high-purity  glass,  in  what  is  normally  the 
transparent  region  below  the  fundamental  absorption  edge,  occurs  because 
of  scattering  and  absorption.  Variations  in  the  local  dielectric  constant 
and  the  local  electric  field  are  associated  with  the  random  molecular 
structure  of  glass.  The  dielectric-constant  variation  contributes  to  the 
scattering,  and  the  electric-field  variation  contributes  to  the  absorp- 
tion. The  scattering  and  absorption  losses  in  high-purity  silica  and 
soda-lime-silicate  glasses  are  shown  in  Fig.  4.5  and  Fig.  4.6.  Pinnow  and 
co-workers  ‘ conclude  that  the  observed  absorption  loss  with  photon  energy 
from  1 to  7 eV  (1239.8  to  177.1  nm),  as  shown  in  Fig.  4.6,  is  due  to  an 
intrinsic  mechanism  associated  with  local  field  variations.  Note  that  this 
exponential  rise  of  8 in  the  transport  region  (Fig.  4.6)  is  much  less  steep 
than  that  of  the  Urbach  absorption  tail  (Fig.  4.3),  which  occurs  just  off 
scale  to  the  right  in  Fig.  4.6. 
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Fig.  4.3.  Ultraviolet  absorption  edges  of  high-purity 
(1)  crystalline  quartz,  (2)  fused  silica,  and  (3)  NRL 
2Si02  - 1 Na20  glass.  Note  the  narrowing  of  the  band 
gap  and  the  decrease  in  the  steepness  of  the  absorption 
edge  in  going  from  quartz  to  silica  to  sodium  silicate 
glass.  [G.  H.  Sigel,  Jr.,  J.  Non-Crystalline  Solids, 
13,  372  (1973/74).] 
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Fig.  4.4.  Reflectance  spectra  of  high-purity  (1)  crystalline 
quartz  and  (2)  of  fused  silica  showing  the  lowest  energy  peaks 
at  10.2  eV  and  11.5  eV  above  the  absorption  edge.  Additional 
peaks  were  observed  at  higher  energies.  [ G.  H.  Sigel,  Jr.,  « 
J.  Non-Crystalline  Solids,  13,  372  (1973/74).] 
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Photon  Energy  (eV) 
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Fig.  4.5.  Intrinsic  scattering  loss  of  fused  silica,  soda-lime 
silicate,  and  for  comparison,  the  liquid  CC^.  [D.  A.  Pinnow 
T.  C.  Rich,  F.  W.  Ostermayer,  Jr.,  and  M.  DiDomenico,  Jr. 
Appl . Phys.  Lett.  22,  527  (1973).] 
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Fig.  4.6.  Intrinsic  absorption  loss  for  fused  silica  and 
soda-lime-silicate.  These  curves  represent  lower  bounds 
for  all  experimental  absorption  data.  Shown  are  some  of 
the  experimental  data  points  used  to  develop  these  curves. 
The  rather  broad  gap  in  data  for  fused  silica  in  the  range 
of  2. 5-4. 5 eV  is  due  to  the  limitations  in  sensitivity  and 
wavelength  of  the  measurement  techniques.  [D.  A.  Pinnow, 
T.  C.  Ricf),  F.  W.  Ostermayer,  Jr.,  and  M.  DiDomenico,  Jr., 
Appl . Phys.  Lett.  22,  527  (1973).] 
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The  absorption  loss  (X)  in  dB/km  can  be  converted  into  an  absorption 
coefficient  (B)  in  cm"1  using  the  expression 

B (cm-1)  = (X  dB/km)  * 2.30  x io"4 * 6 

Notice  that  the  reported  values  of  the  absorption  coefficient  in  Fig.  4.6 
are  as  low  as  0.8  dB/km  = 1 .8  x io"®  cm  1 , which  is  an  extremely  low  value. 

The  scattering  loss  shown  in  Fig.  4.5  is  somewhat  greater  (from  20  to 
100  %)  than  the  absorption  loss  for  fused  silica  in  the  range  400  to  1000  nm 
(3.1  to  1.24  eV).  Figure  4.7  shows  the  total  intrinsic  loss  from  scattering 
and  absorption  for  fused  silica  and  soda-lime-silicate. 

A strong  absorption  between  150  and  210  nm  (8.27  and  5.90  eV)  is  ob- 
served when  silica  is  doped  with  alkali  impurities. While  this 
absorption  is  proportional  to  the  alkali  ion  concentration,  it  is  relatively 
independent  of  the  type  of  alkali  except  for  the  long  wavelength  tail,  which 
increases  in  the  order  of  Li,  Na,  and  K.  The  absorption  is  believed  to  be 

associated  with  non-bridging  oxygens  because  it  decreases  when  an  aluminum 

4 3 

addition  is  made  to  alkali-doped  silica,  as  shown  in  Fig.  4.8.  Sigel  ' 
reports  that  the  substitutional  aluminum  alone  does  not  produce  any  ultra- 
violet absorption  in  silica  in  amounts  up  to  0.5  percent. 

Reflectance  spectra  of  two  silicate  glasses  of  high  alkali  content 
4 3 

are  shown  in  Fig.  4.9.  ' The  energies  of  the  reflectance  peaks  in  these 

4 3 

and  some  other  silicate  glasses  and  in  pure  SiO^  are  listed  in  Table  4.1.  * 
In  the  spectral  range  7 - 15  eV  (177  - 83  nm),  the  reflectance  peaks  in 
these  systems  are  seen  to  occur  at  8.5,  9.3,  10.2,  and  11.5  eV.  The 

11.5  eV  peak  is  believed  to  be  associated  with  a band-to-band  transition 
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Phonon  Energy  (eV) 


Wavelength  (nm) 


Fig.  4.7.  Total  intrinsic  loss,  which  is  the  sum  of 
the  absorption  and  scattering  losses,  in  fused  silica 
and  soda-lime-silicate.  [ D.  A.  Pinnow,  T.  C.  Rich, 
F.  W.  Ostermayer,  Jr.,  and  M.  DiDomenico,  Jr.,  Appl . 
Phys.  Lett.  22,  527  (1973).] 
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Fig.  4.8.  Effect  of  aluminum  addition  on  the  ultraviolet 
transmittance  of  alkali-doped  Si 02 . Samples  co-doped  with 

aluminum  and  alkali  showed  weaker  absorption  in  the  200-300  nm 
region,  probably  because  of  the  reduction  of  non-bridging  oxy- 
gens by  aluminum-alkali  pairing  in  the  network.  [G.  H.  Sigel, 
Jr.,  J.  Non-Crystalline  Solids  13,  372  (1973/74).] 
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Fig.  4.9.  Reflectance  spectra  of  two  binary  silicate 
glasses.  Note  the  similarity  of  the  spectra  regardless 
of  the  alkali  type,  as  well  as  tailing  of  the  low  energy 
band.  [G.  H.  Si  gel , Jr.,  J.  Non-Crystalline  Solids  13^ 
372  (1973/74).] 
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Table  4.1.  Energies  of  reflection  peaks  in  silicate  glasses. 
[G.  H.  Sigel , Jr.,  J.  Non-Crystalline  Solids  13,  372  (1973/74).] 


Glass  type 

Location 

of  reflection  peaks 

(eV) 

Si02(crystal ) 

— 

10.2 

11.5 

Si02  (glassy) 

- 

10.2 

11.5 

1 Li20— 2 Si02 

8.5 

9.3 

11.5 

1 Na20-2  Si02 

8.5 

9.3 

11.5 

1 Na20-3  Si02 

8.5 

9.3 

11.5 

1 Na20-6  Si02 

— 

9.0a^ 

11.5 

1 Na20-1  CaO-5  Si02 

8.5 

9.3 

11.5 

1 Na20-1  A£20-3  Si02 

8.5 

10.2 

11.5 

a^This  broad  peak  appears 

to  result 

from  contributions 

from  8.5 

and  9.3  eV  peaks. 
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characteristic  of  the  SiO^  tetrahedron  because  it  appears  in  all  silicate 
glasses  irrespective  of  composition.  The  lowest  energy  peak  at  8.5  eV  in 
alkali-silicate  glasses  has  been  assigned  to  non-bridging  oxygens  because 
it  occurs  at  the  same  position  irrespective  of  the  alkali  type.  The  appear- 
ance of  this  peak  in  an  alkali-silicate  glass  apparently  shifts  its  absorp- 

A Q 

tion  edge  to  lower  energy  relative  to  that  of  Si 0^  (Fig.  4.3).  ' 

Figure  4.10  shows  the  transmittance  spectra  near  the  ultraviolet  cut- 
off edge  of  a number  of  commercial  (Corning  and  Amersil)  glasses.^’7 

Optical  absorption  spectra  of  several  high-purity  silicate  glasses 
4 3 

are  shown  in  Fig.  4.11.  ’ The  approximate  values  of  absorption  coefficient 

(6)  shown  in  Fig.  4.11  were  obtained  by  subtracting  the  measured  optical 
density  at  280  nm,  0.05,  from  the  optical  density  measured  at  shorter  wave- 
lengths. For  example,  a measured  optical  density  of  0.6  for  a 0.1  cm 
thick  sample  corresponds  to  8 = 2.30  x 10  x (0.6  - 0.05)  = 12.7  cm"'*. 

3.  Impurity  absorption  in  silicate  glasses.  The  presence  of 
transition  and  rare-earth  metals  in  a silicate  glass  can  produce  charge- 
transfer  absorptions  in  the  ultraviolet  region  which  are  so  strong  that  a 
few  parts  per  million  of  impurity  can  be  detected  in  a 2 mm  thick  sample. 

In  a specimen  of  conventional  thickness  (1  - 10  mm),  the  presence  of  these 

impurities  results  in  an  edge  shift.  Fig.  4.12  illustrates  the  effect  of 

3+  4 3 

Fe  impurity  on  the  ultraviolet  transmission  of  3 SiO^-l  ^0  glass. 

The  valence  state,  and  hence  the  optical  absorption,  of  a transition- 

metal  ion  depends  on  whether  the  glass  is  melted  in  an  oxidizing  or  reducing 

3+ 

atmosphere.  The  presence  of  Fe  in  high-purity  silicate  glasses  melted 
in  an  oxidizing  atmosphere  appears  to  be  a serious  problem.  By  selecting 
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Fig.  4.10.  Transmittance  spectra,  showing  the  onset  of 
optical  absorption,  of  several  Corning  and  Amersil  glasses. 
[ American  Institute  of  Physics  Handbook,  Third  Edition, 
McGraw-Hill,  New  York,  1962,  p.  6-94.] 


140 


Sec.  IV-A  Si02 


Wavelength  (nm) 


Fig.  4.11.  Optical  absorption  edges  of  several  typical  high- 
purity  silicate  glasses.  The  slight  difference  between  the 
air-  and  reduced-mel ted  potassium  silicate  glass  absorptions 
is  due  to  the  presence  of  about  1 ppm  of  iron  impurity.  [G.  E. 
Sigel,  Jr.,  J.  Non-Crystalline  Solids  13,  372  (1973/74).] 
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Wavelength  (nm) 


Fig.  4.12.  Optical  absorption  spectra  of  undoped  and 
iron-doped  3 Si02 - 1 Na20  glass  melted  in  an  oxidizing 
atmosphere.  [ G.  H.  Sigel,  Jr.,  J.  Non-Crystalline 
Solids  13,  372  (1973/74).] 
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high-purity  starting  materials  and  by  taking  proper  precautions  during 
4 3 

preparations,  Sigel  ’ was  able  to  reduce  the  level  of  iron  contamination 
in  silicate  glasses  to  a very  low  value  (less  than  0.5  ppm  in  the  case  of 
1 ^0-  3 Si O2  glass).  For  such  pure  glasses,  the  ultraviolet  absorptions 
of  the  air-melted  and  reduced-melted  glasses  were  nearly  the  same  (Fig.  4.11). 

Optical  absorption  spectra  of  1 Na20-3  SiO^  glass  containing  vary- 
ing concentrations  of  copper  ions  and  melted  in  either  a reducing  (C0-C02) 
or  an  oxidizing  (air)  atmosphere  are  shown  in  Fig.  4.13  and  Fig.  4.14, 
respectively.  ' The  absorption  band  seen  near  235  nm  (5.28  eV)  in  the 

glass  sample,  melted  in  a reducing  atmosphere  and  containing  100  ppm  of 

?+ 

copper  (Fig.  4.13),  is  believed  to  be  due  to  Cu  ions  since,  for  a given 
copper  concentration,  the  band  is  more  intense  in  the  sample  melted  in  the 
oxidizing  atmosphere  (Fig.  4.14). 

Sigel^*^  found  that  at  a few  ppm  concentration  levels,  Fe2+  or  Fe^+ 
in  silicate  glasses  absorbs  more  strongly  than  any  of  the  following  impur- 
ities: aluminum,  copper,  platinum,  titanium,  calcium,  magnesium,  cerium, 
gallium,  indium,  thallium,  and  water  vapor.  Titanium  at  a concentration 
of  25-50  ppm  gave  rise  to  an  absorption  band  near  200  nm  (6.20  eV),  while 
Ca  and  Mg  in  large  quantities  did  not  show  any  absorptions  at  energies 
below  that  of  the  alkali  absorption.  Thus,  for  equivalent  alkali  content, 
the  absorption  edges  of  an  alkali  silicate  glass  and  of  the  alkali-alkaline 
earth  silicate  glass  are  nearly  at  the  same  position. 

4.  Optical  absorption  in  irradiated  SiO^.  During  exposure  to 
ionizing  radiation,  a large  number  of  electrons  and  holes  are  generated 
within  a material.  Most  of  these  electrons  and  holes  recombine  within  a 
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Fig.  4.13.  Absorption  spectra  of  copper-doped  glasses 
melted  in  a reducing  atmosphere.  [ R.  J.  Ginther  and 
R.  D.  Kirk,  J.  Non-Crystalline  Solids  6,  89  (1971).] 


Fig.  4.14.  Absorption  spectra  of  copper-doped  glasses 
melted  in  air.  [R.  J.  Ginther  and  R.  D.  Kirk,  J.  Non- 
Crystalline  Solids  6,  89  (1971).] 
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short  period  of  time;  however,  some  may  become  trapped  at  impurities  and 
lattice  defects  present  in  the  material,  giving  rise  to  observed  coloration. 

SiC^  can  be  made  with  very  low  concentrations  of  metallic  impurities. 

Such  material  is  highly  resistant  to  coloration  and  doses  of  107  R or  more 

are  required  to  produce  appreciable  coloration.  This  level  of  exposure  is 

approximately  two  orders  of  magnitude  more  than  that  required  for  comparable 

4 2 

coloration  in  less  pure  materials. 

4 9 

In  a y-irradiated  sample  of  pure  silica.  Levy  * was  able  to  resolve 
the  observed  absorption  in  the  range  200-  350  nm  (7.2-3.54  eV)  into  four 
Gaussian  components  with  peaks  at  282  nm  (4.4  eV),  248  nm  (5.0  eV),  230  nm 
(5.4  eV),  and  212  nm  (5.8  eV),  as  shown  in  Fig.  4.15.  (This  figure  is  from 
Lei  1 , et  al.,4‘9a  which  is  a simplified  version  of  a similar  figure  by  Levy.  ) 

The  bands  near  212  nm  (5.8  eV)  and  230  nm  (5.3  eV)  are  also  observed 

4 10 

in  irradiated  synthetic  quartz.  Weeks  and  Nelson  * have  shown  that  these 
absorptions  are  due  to  the  same  types  of  centers  in  both  quartz  and  silica. 
These  centers  have  oeen  associated  with  trapped  electrons,  and  for  this 
reason  they  are  referred  to  as  E -centers;  E|  for  the  center  with  absorptio 
at  212  nm  (5.8  eV)  and  E^  for  the  center  with  absorption  at  230  nm 
(5.3  eV).4'11 *4’12  A proposed  model  for  the  E^-center  is  shown  in 
Fig.  4. 16, 4-2  where  the  rectangle  around  a complete  molecular  unit  sig- 
nifies an  Si02  vacancy. 

The  absorption  band  near  212  nm  (5.8  ev)  is  also  referred  to  as  the 

A 1 O 

C-band.  Nelson  and  Crawford,  observing  that  the  band  Is  formed  more 
readily  In  fused  silica  than  in  quartz,  have  suggested  that  the  212  nm 
(5.8  eV)  band  in  glassy  silica  is  formed  by  simple  Ionization  of  the  S1-0 
bond  with  consequent  charge  delocalization  on  the  silicon  and  oxygen. 
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Wavelength  (nm) 


350  300  280  260  240  220  200 


Fig.  4.15.  Absorption  spectrum  of  irradiated  fused  silica 
resolved  into  individual  bands.  [E.  Lei  1 , N.  J.  Kreidl, 
and  J.  R.  Hansler,  in  Progress  in  Ceramic  Science,  Vol . 4, 
J.  E.  Burke,  ed.,  Pergamon  Press,  New  York,  1966,  pp.  1-94; 
the  data  from  P.  W.  Levy,  J.  Phys.  Chem.  Solids  L3,  287 
(I960).] 
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Absorption  spectra  of  pure  silica  y- irradiated  to  various  doses  are 
4 6 

shown  in  Fig.  4.17.  ' Note  the  radiation  bleaching,  that  is,  a decrease 
in  absorption  with  increasing  dose,  for  the  absorption  band  near  4.0  eV 
(310  nm),  and  the  influence  of  thermal  history  on  the  colorability  of  fused 
silica. 

The  absorption  spectrum  in  the  range  1 to  8.5  eV  (1240  to  146  nm)  of 

g 

a synthetic  quartz  sample  y-irradiated  to  10  R is  shown  in  Fig.  4.18, 

4 14 

curve  1.  ' Changes  produced  in  this  spectrum  by  subsequent  thermal 

treatments  are  shown  by  curves  labeled  2-4  in  the  figure.  Following  thermal 

g 

bleaching,  the  sample  was  reirradiated  to  10  R:  its  spectrum  is  labeled  5 
in  Fig.  4.18.  y-irradiation  is  seen  to  introduce  several  absorption  bands 
in  a-quartz;  at  least  five  in  the  VUV  between  7.2  and  8.6  eV  (172-144  nm), 
and  at  least  three  in  the  visible  and  UV  with  peaks  at  2.5  eV  (496  nm) , 

~ 3. 5 eV  (354  nm),  and  5.4  eV  (230  nm). 

The  effect  of  electron  irradiation  on  the  transmittance  of  high- 

4 15 

purity  (Dynasil  optical  grade)  fused  silica  is  illustrated  in  Fig.  4.19. 

The  presence  of  the  C-band  near  215  nm  (5.8  eV)  is  apparent  in  the  irradi- 

4 1 5 

ated  sample.  Heath  and  Sacher  ' indicate  that  another  band,  referred  to 
as  the  E band,  with  its  maximum  lying  between  160  and  167  nm  (7.75  and 
7.42  eV),  is  also  present  in  the  irradiated  sample. 

Transmittance  spectra  of  electron-irradiated,  sapphire-  (Aj^O^-) 
shielded  glasses  are  shown  in  Figs.  4.20  - 4.23.^'^  Figs.  4.20  and  4.21 
demonstrate  that  the  sapphire  shield  can  be  used  successfully  to  protect 
high-purity  (Corning  7940  and  Dynasil  1850A)  fused  silica  against  color- 
ation from  electron  irradiation. 
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A Si02 


Photon  energy  (eV) 


Fig.  4.17.  Absorption  spectra  of  undoped  fused  silica 
unexposed  and  exposed  to  various  doses,  and  exposed  to 
5 x 105  rad  after  heat  treatment  (1  h at  900Cin  air). 
[E.  Lei  1 , Phys.  Chem.  Glasses  3,  84  (1962).] 
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Fig.  4.19.  Transmittance  of  fused  SiO,  before  and  after 
11  2 ‘ 

irradiation  by  10  electrons/cm  at  1.0  MeV  and  at  2.0  MeV. 
[ D.  F.  Heath  and  P.  A.  Sacher,  Appl . Opt.  5_,  937  (1966).] 
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Wavelength  (nm) 


Fig.  4.20.  Transmittance  of  Corning  7940  fused  Si09  before 

14  ^ 2 

and  after  irradiation  resulting  from  10  electrons/cm  at 
2.0  MeV  incident  on  a sapphire  shield.  [ D.  F.  Heath  and 
P.  A.  Sacher,  Appl . Opt.  jj,  937  (1966).] 


Wavelength  (nm) 


Fig.  4.21.  Transmittance  of  Dynasil  1850A  fused  Si09  before 

14  c 2 

and  after  irradiation  resulting  from  10  electrons/cm  at 
2.0  MeV  incident  on  a sapphire  shield.  [ D.  F.  Heath  and 
P.  A.  Sacher,  Appl.  Opt.  5^  937  (1966).] 
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Wavelength  (nm) 


Fig.  4.22.  Transmittance  of  Corning  9-54  (Vycor)  before 

14  2 

and  after  irradiation  resulting  from  10  electrons/cm 
at  2.0  MeV  incident  on  a sapphire  shield.  [D.  F.  Heath 
and  P.  A.  Sacher,  Appl . Opt.  5^  937  (1966).] 
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Wavelength  (nm) 


Fig.  4.23.  Transmittance  of  Corning  7-54  before  and 

14  2 

after  irradiation  resulting  from  10  electrons/cm 
at  2.0  MeV  incident  on  a sapphire  shield.  [ 0.  F. 
Heath  and  P.  A.  Sacher,  Appl . Opt.  5^  937  (1966).] 
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5.  Aluminum-alkali  system.  The  effects  of  aluminum  and  alkali 

additions  on  the  colorability  of  fused  silica  have  been  studied  in  detail 
4 6 4 3 

by  Lell  ' and,  later  on,  by  Si  gel,  ’ who  extended  absorption  measurements 
in  the  VtiV  to  8 eV  (155  nm).  Some  of  the  following  figures  have  been  taken 
from  Lell's  paper.  In  these  figures,  the  concentrations  of  impurities  are 
given  in  mol  percent  added,  without  correction  for  vaporization.  A signif- 
icant difference  can  exist  between  the  impurity  concentrations  added  to, 

4 6 

and  detected  in  the  fused  silica,  as  indicated  by  the  data  in  Table  4.2.  ’ 

Optical  absorption  spectra  of  irradiated  samples  of  alkali -doped  silica 
4 3 

are  shown  in  Fig.  4.24.  * Characteristic  features  of  the  absorptions  are 
the  band  at  7.6  eV  (163  nm)  and  the  and  E^  bands  which  overlap  to  produce 
a compound  band  between  5 and  6 eV  (248  and  207  nm).  Si  gel ^ found  that 
the  intensity  of  the  band  at  235  nm  (5.3  eV)  was  proportional  to  alkali 

concentrations  ranging  from  0.01  to  0.5  percent.  This  observation  led  him 
to  suggest  that  the  e£  center  is  more  complex  than  suggested  earlier 
(Fig.  4.16)  and  that  it  might  involve  alkali  in  addition  to  non-bridging 
oxygens  and  protons.  Si  gel  also  suggests  that  the  E^  center  might  be  a 
characteristic  defect  of  alkali  silicate  glass  rather  than  silica. 

Since  the  7.6  eV  (163  nm)  band  is  also  observed  in  high-purity  silica, 
and  since  its  intensity  is  relatively  insensitive  to  the  variations  in 
alkali  content,  the  band  is  believed  to  be  due  to  a defect  characteristic 
of  the  Si-0  network. 

i 

Absorption  spectra  of  y-irradiated,  alkali-doped  fused  silica  are 
4 6 

shown  in  Fig.  4.25.  Before  irradiation,  an  absorption  band  near 
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Table  4.2.  Flame-photometric  determination  of 
alkali  in  doped  silica.  [E.  Lell,  Phys.  Chem. 
Glasses  3,  84  (1962).] 


mol . % added 


mol . % detected 
in  fused  silica 


0.2 

Li 

0.014 

Li 

0.2 

Li 

0.035 

Li 

0.2 

Ail 

0.2 

Li 

0.03 

Li 

0.2 

Ga 

1.0 

Li 

0.7 

Li 

1.0 

Ail 

0.2 

Na 

0.04 

Na 

0.2 

Na 

0.12 

Na 

0.2 

Ail 

0.5 

Na 

0.3 

Na 

0.5 

Ail 

0.5 

K 

0.08 

K 

0.2 

K 

0.074 

K 

0.2 

hi 

0.5 

K 

0.185 

K 

0.5 

hi 

Undoped 

0.004 

Na 

0.001 

Li 
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Photon  Energy  (eV) 


Fig.  4.25.  Absorption  spectra  of  alkali-doped  fused 
silica  y-irradiated  to  107  rad.  The  dotted  line  curve 
is  representative  for  unexposed  fused  silica  doped  with 
alkali.  The  specimens  are  doped  with  0.2%  Na  and  0.5%  K, 
Rb,  and  Cs.  [E.  Lell , Phys.  Chem.  Glasses  84  (1962).] 
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205  nm  (6.05  eV)  was  observed  in  K-,  Rb-  or  Cs-doped  silica,  as  shown  by  the 
dotted  curve  in  Fig.  4.25.  In  addition  to  the  composite  band  near  5 eV 
(248  nm),  which  was  observed  in  irradiated  samples  of  all  alkali-doped  silica, 
a band  near  2.3  eV  (539  nm)  was  observed  in  a sample  of  Na-doped  silica 
(Fig.  4.25).  Lell  attributed  this  band  to  the  0.01  percent  aluminum 
(impurity)  which  was  detected  in  this  particular  sample. 

Optical  absorption  spectra  of  irradiated  fused  silica  co-doped  with 
aluminum  and  alkali  is  seen  to  be  the  appearance  of  several  absorption  bands 
between  1 and  5 eV  (1240  and  248  nm)  upon  irradiation.  In  Fig.  4.26  notice 
that  the  peak  position  of  the  absorption  band  near  4.0  eV  (310  nm)  is  de- 
pendent on  the  type  of  alkali;  it  shifts  to  lower  energy  as  the  atomic  number 
of  alkali  increases.  This  band  is  believed  to  be  associated  with  electrons 
trapped  at  lattice  defects  in  the  material. 

The  absorption  band  seen  near  2.3  eV  (540  nm)  in  Figs.  4.26  and  4.27  is 
not  readily  observed  if  fused  silica  is  doped  only  with  Alt  (Fig.  4.28);  the 
simultaneous  presence  of  aluminum  and  alkali  is  required  for  its  appearance, 
while  its  intensity  is  determined  by  that  component  which  is  present  in  lower 
concentration  and  by  the  type  of  alkali.  Electron  spin  resonance  studies 
have  established  that  the  540  nm  (2.3  eV)  band  arises  from  holes  trapped 
at  imperfections  in  silica.  A similar  type  of  defect  gives  rise  to  absorp- 
tion bands  near  460  and  620  nm  (2.7  and  2.0  eV)  in  smokey  quartz,  and  in 
irradiated  samples  of  natural  and  synthetic  quartz  (Fig.  4.29).  Sigel 
observed  similar  absorption  bands,  at  much  lower  intensity  levels,  in 
irradiated  high-purity  silicate  glasses  containing  less  than  1 ppm  A l 
(Fig.  4.30).  This  observation  led  him  to  postulate  that  the  presence  of 
At  In  S102  may  simply  result  In  an  Increase  in  the  oscillator  strengths  of 
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Si02 : At  + Li,  A£  + Na,  A£+K, 
A£  + Cs , A£  + Rb 
y-irradiated 


1 2 3 4 5 6 


Photon  Energy  (eV) 


Fig.  4.26.  Absorption  spectra  of  fused  silica  doped  with 
0.2%  A£  and  0.2%  of  the  various  alkalis  and  y-irradiated 
to  107  rad.  The  position  of  the  band  at  4 eV  depends  on 
the  type  of  alkali.  The  energy  of  the  absorption  maximum 
is  indicated.  [E.  Lell,  Phys.  Chem.  Glasses  3,  84  (1962).] 
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Fig.  4.27.  Optical  absorption  of  X-irradiated  (=  10^R) 
fused  silica  co-doped  with  aluminum  and  alkali.  The 
increase  in  the  visible  absorption  when  aluminum  is 
present  may  arise  from  an  increase  in  oscillator  strength 
rather  than  the  production  of  many  more  defect  centers. 
[ G.  H.  Si  gel,  Jr.,  J.  Non-Crystalline  Solids  13,  372 
(1973/74).] 
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Fig.  4.29.  Comparison  of  irradiated  fused  silica  and 
irradiated  quartz.  [E.  Lell,  N.  J.  Kreidl,  and  J.  R. 
Hansler,  in  Progress  in  Ceramic  Science,  Vol . 4, 
J.  E.  Burke,  ed.,  Pergamon  Press,  New  York,  1966, 
pp.  1-93.] 
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Photon  Energy  (eV) 


Fig.  4.30.  Optical  absorption  spectra  of  two  X-irradiated, 
air-melted,  high-purity  silicate  glasses.  The  strong  band 
at  5.4  eV  is  attributed  to  centers  which  may  be  a major 
electron  trap  in  alkali  silicate  glasses.  [G.  H.  Sigel,  Jr., 
J.  Non-Crystalline  Solids  J3^  372  (1973/74).] 
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the  visible  bands  and  that  the  basic  hole  center  involves  a hole  trapped  at 
a non-bridging  oxygen  which  can  be  bonded  to  either  a silicon  or  an  aluminum. 

Optical  absorption  spectra  at  various  exposure  levels  are  shown  in 

Fig.  4.31  for  fused  silica  doped  with  0.2  percent  Li  and  0.2  percent  At, 

and  in  Fig.  4.32  for  fused  silica  doped  with  0.2  percent  Cs  and  0.2  percent 
4 6 

At.  ' Figure  4.33  shows  the  resolution  of  the  spectrum  of  fused  silica 
doped  with  0.2  percent  Li  and  0.3  percent  Afl,  and  y-irradiated  to  2 x 10^  rad. 
The  peak  positions  and  the  half-widths  of  resolved  Gaussian  components  are 
listed  on  Table  4.3. 

6.  Gallium-lithium  system.  Optical  absorption  spectra  of  fused 

silica  doped  with  various  amounts  of  Ga  and  Li  and  y-irradiated  to  several 

4 6 

exposure  levels  are  shown  in  Fig.  4.34.  ' The  presence  of  Ga  in  unexposed 
silica  gives  rise  to  a strong  absorption  band  at  224  nm  (5.54  eV),  as  shown 
by  the  dotted  curve  in  Fig.  4.34.  In  the  figure  it  is  seen  that  the  color- 
ation increases  with  increasing  amounts  of  impurities  added,  and  that  at 
least  two  bands  with  peaks  near  245  nm  (5.05  eV)  and  539  nm  (2.3  eV)  are 
present  in  the  irradiated  samples. 

7 . Transient  radiation  effects  in  SiOp  and  silicate  glasses.  So 
far,  only  a few  studies  on  the  transient  radiation  effects  in  Si02  and 
silicate  glasses  have  been  made  and  short-lived  coloration  in  both  the 
visible  and  ultraviolet  has  been  reported. 4-3»4.16,4.17 

In  pure  Si02  the  only  transient  coloration  observed  is  in  the  ultra- 

4 3 

violet  centered  near  215  nm  (5.77  eV).  ‘ Figure  4.35  compares  the 
permanent  (solid-line)  and  transient  (points)  colorations  produced  in  this 

t 

material  by  electron  irradiation.  The  215  nm  (5.77  eV)  band  is  the 
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1 2 3 4 5 6 

Photon  Energy  (eV) 


Fig.  4.33.  Resolution  of  an  absorption  spectrum  into  individual 
Gaussian  bands.  Resolved  is  the  absorption  curve  for  fused 
silica  doped  with  0.2%  Li  and  0.2%  A£  exposed  to  2 x 10^  rad. 
The  three  bands  in  broken  lines  with  absorption  maxima  at 
4.88,  5.46,  and  5.74  eV  are  an  alternative  solution  for  the  two 
bands  with  maxima  at  5.08  and  5.70  eV.  The  three  remaining 
bands  show  maxima  at  4.10,  3.08,  and  2.25  eV.  [E.  Lell,  Phys. 
Chem.  Glasses  !3,  84  (1962).] 
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Table  4.3.  Absorption  maxima  and  widths  of  individual 
absorption  bands  in  irradiated  doped  fused  silica. 
[E.  Lell , Phys.  Chem.  Glasses  3,  84  (1962).] 


Absorption 
Maximum  (eV) 

Wavelength  (nm) 

Full  Width  at 
Half  Maximum  (eV) 

1 

2.25 

550 

0.94 

2 

3.08 

402 

0.83 

3 

4.10 

302 

1.02 

4 

5.08 

244 

0.94 

5 

5.70 

217 

0.64 

4a 

4.88 

254 

0.96 

5a 

5.46 

227 

0.92 

6a 

5.74 

216 

0.86 
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Fig.  4.35.  A comparison  of  the  permanent  damage  (solid  line) 
observed  in  Corning  7943  silica  (after  Arnold  and  Compton) 
with  the  transient  coloration  (points)  measured  immediately 
after  the  electron  pulse  irradiation.  The  band  near  215  nm 
is  the  E|  band.  [G.  H.  Sigel,  Jr.,  J.  Non-Crystalline  Solids 
13,  372  (1973/74).] 
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band,  which  had  been  assigned  earlier  to  electrons  trapped  on  dangling 
silicon  orbitals. 

The  transient  UV  coloration  due  to  electron-pulse  irradiation  is 
accompanied  by  an  intense  luminescence  centered  near  450  nm  (2.76  eV).  At 
4.2  K,  the  decay  rates  of  the  transient  absorption  and  emission  are  similar, 
as  shown  in  Fig.  4.36. 

4 3 

Sigel  ' has  proposed  a bandgap  model  to  explain  the  observed 
characteristics  of  the  permanent  and  transient  colorations  in  pure  Si 0^ 

(Figs.  4.37  and  4.38).  According  to  the  model,  irradiation  breaks  up  Si-0 

3 

bonds,  creating  electron-hole  pairs;  the  dangling  sp  silicon  orbital 
serves  as  a principal  electron  trap,  while  the  non-bonding  p orbitals  of 
non-bridging  oxygens  act  as  principal  hole  traps.  The  stability  of  these 
traps  determines  the  extent  of  permanent  and  transient  colorations  in  the 
material.  Under  ideal  conditions  bonds  will  reform  in  less  than  a few  milli- 
seconds; however,  the  presence  of  imperfections  (strains  or  impurities) 
could  prevent  bond  reformation,  giving  rise  to  permanent  coloration. 

In  Si02,  Sigel  postulates  the  existence  of  two  kinds  of  hole  traps, 
one  of  which  contributes  to  the  observed  emission  (Fig.  4.38).  The 
radiative  process  results  when  holes  are  thermally  activated  out  of  Hd  traps 
into  the  valence  band  for  migration  to,  and  eventual  recombination  at,  E' 
sites.  However,  since  the  observed  emission  intensity  is  not  proportional 
to  the  time  derivative  of  the  observed  absorption  intensity  (Fig.  4.36),  it 
is  suggested  that  most  of  the  electrons  in  E'  sites  might  annihilate  by 
non-radiative  recombination  with  holes  in  Hn  sites.  Since  optical  excita- 
tion at  215  nm  produces  neither  bleaching  nor  photo  current,  the  excited 
state  E*  of  the  E'  center  is  shown  below  the  conduction  band  edge  in 
Fig.  4.38. 
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Fig.  4.36.  The  decay  rate  of  the  transient  absorption  and 
emission  at  4.2  K.  The  luminescence  would  follow  the  dotted 
curve  if  the  annihilation  of  each  absorbing  center  resulted 
in  radiative  emission.  [6.  H.  Sigel,  Jr.,  J.  Non-Crystalline 
Solids  13,  372  (1973/74).] 
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Fig.  4.37.  Schematic  diagram  of  postulated  steps  involved  in 
the  formation  and  annihilation  of  transient  E'  center.  The 
impinging  radiation  can  ionize  an  Si-0  band,  resulting  in  the 
formation  of  a defect  pair  which  eventually  recombine  to 
heal  the  damage.  [ G.  H.  Sigel,  Jr.,  J.  Non-Crystalline 
Solids  13,  372  (1973/74). 
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Fig.  4.38.  Proposed  band-gap  model  of  the  transient  radiation 
effects  in  Si02 » permitting  both  radiative  and  non-radiative 
recombination  of  holes  with  E'  centers.  [G.  H.  Sigel,  Jr., 
J.  Non-Crystalline  Solids  13,  372  (1973/74).] 
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Pulsed  electron  irradiation  of  alkali -doped  Si 0^  and  high-purity 
silicate  glasses  also  produces  short-lived  coloration.  However,  contrary 
to  the  situation  in  pure  SiC^,  silicate  glasses  show  substantial  permanent 
coloration  per  pulse,  which  makes  it  difficult  to  measure  point  by  point 
across  a band.  According  to  Sigel,  this  behavior  is  consistent  with  the 
hypothesis  that  the  introduction  of  alkali  produces  non-bridging  oxygens 
which  can  serve  as  permanent  hole  traps. 

8.  Ion-implantation  effects  in  fused  silica.  Optical  absorption 
spectra  of  non-crystalline  (Corning  7940)  implanted  with  HT,  He+,  Ar+, 
Kr+,  and  Xe+  ions  are  shown  in  Fig.  4.39.  The  main  features  of  the 

absorptions  are  seen  to  be  the  band  at  215  nm  (5.77  eV)  and  a band  at 
245  nm  (5.06  eV),  which  is  observed  for  all  ions  other  than  H+.  This 
245  nm  band  is  referred  to  as  the  B2  band. 

Arnold^®  found  that  the  H+  implantation  greatly  reduced  the  E^-band 
intensity  produced  by  prior  or  subsequent  implantation  of  fused  silica  with 
heavier  ions.  The  effect  of  H+  implantation  on  the  absorption  spectrum  of  an 
Xe+  implanted  silica  is  shown  in  Fig.  4.40. 

In  Table  4.4  the  total  ion  energy  is  partitioned  into  electronic  and 
nuclear  interaction  events  for  a 250  keV  accelerating  potential.  The  data  in 
Table  4.4  and  the  observation  that  for  heavier  ions,  the  intensity  of  the 
B2  band  increases  with  increasing  ion  mass  for  a given  ion  fluence  led 
Arnold  to  suggest  that  the  defect  giving  rise  to  this  absorption  is  gen- 
erated by  ion  energy  going  into  displacement  processes. 

In  some  impure  Si^.  a band  at  245  nm  (5.06  eV)  is  observed  before 
irradiation  or  implantation;  the  band  has  been  assigned  to  a center 
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Fig.  4.39.  Optical  aborption  in  fused  silica  (Corning  7940) 
Implanted  with  H+,  He+,  A+,  Kr+,  and  Xe+  ions.  The  curves 
have  been  displaced  vertically  for  clarity.  Relative  values 
of  absorption  can  be  obtained  by  normalizing  all  curves  to 
zero  optical  density  at  350  nm.  [6.  W.  Arnold,  IEEE  Trans. 
Nucl . Sci.  20,  220  (1973).] 
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Wavelength  (nm) 


Fig.  4.40.  Optical  absorption  in  fused  silica  (Corning  7940) 

1 C -i.  O 

which  was  first  implanted  with  5 * 10  400  keV  Xe  ions/cm 

14  + 7 

and  then  with  1 x 10  400  keV  H ions/cm  . Bottom  curve 
shows  absorption  in  a similar  sample  implanted  with  1 * 1014 
400  keV  H+  ions/cm^.  [G.  W.  Arnold,  IEEE  Trans.  Nucl . Sci. 
20,  220  (1973).] 
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Table  4.4.  Partition  of  250  keV  accelerating  energy 
into  electronic  (e)  and  nuclear  (v)  interaction  pro- 
cesses for  various  ions.  [G.  W.  Arnold,  IEEE  Trans. 
Nucl . Sci.  20,  220  (1973).] 


Ion 

v (keV) 

e (keV) 

H+ 

0.6 

249.4 

He+ 

6.5 

243.5 

0+ 

67.6 

182.4 

A+ 

158.4 

91.6 

Kr+ 

208.3 

41.7 

Xe+ 

221.7 

28.3 
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consisting  of  a trivalent  impurity  (e.g.,  A£8+)  substituting  for  Si4+  and 
an  adjacent  oxygen  vacancy.  The  identical  spectral  positions  of  this  band 
and  the  implantation-induced  band  led  Arnold  to  suggest  that  the  B2  band 
is  associated  with  an  oxygen  vacancy,  produced  by  displacement  processes, 
which  has  trapped  the  binding  electrons  of  two  adjacent  silicon  atoms. 
Proposed  models  for  the  centers  responsible  for  the  215  nm  (5.77  ev)  band, 
the  245  nm  (5.06  eV)  impurity  band,  and  the  B2  band  are  shown  in 
Fig.  4.41 . 4,18 
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B.  Aluminum  Oxide  * 

Aluminum  oxide  ( AH2O3 ) » a^so  known  as  alumina,  corundum,  or  sapphire, 

is  more  resistant  to  moisture  and  to  mechanical  damage  than  are  the  alkali 

halides  and  alkaline-earth  halides.  In  spite  of  its  high  melting  point 

(2050  C),  successful  growth  of  good  optical  quality  sapphire  crystals  as 

4 1 9 

large  as  25  cm  in  diameter  has  been  reported.  ' 

The  refractive  index  of  aluminum  oxide  for  the  ordinary  ray  between 

265  and  5577  nm  (4.68  and  0.22  eV)  is  tabulated  in  the  American  Institute 

4 20 

of  Physics  Handbook.  ' With  increasing  photon  energy  over  this  spectral 
range,  the  ordinary  index  increases  from  1.58638  to  1.83360.  The  bire- 
fringence of  aluminum  oxide  in  the  vacuum  ultraviolet  region  has  been 

4 21  4 22 

discussed  by  Chandrasekharan  and  Damany.  ' ’ ’ 

The  intrinsic  infrared-absorption  edge  for  aluminum  oxide,  corre- 
sponding to  B = 5 cm  1 , for  light  propagation  along  the  c-axis  of  the 
crystal,  is  at  6,000  nm  (0.21  eV  or  6 

The  absorption  coefficient  near  the  fundamental  absorption  edge  of 

4 24 

pure  Ai^O^  is  shown  in  Fig.  4.42.  ' Note  the  steep  rise  in  B at  the 
absorption  edge  and  the  rather  long  secondary  tail,  with  large  B,  up  to 
several  hundred  cm'1,  extending  into  the  nominally  transparent  region. 

Since  the  range  of  B in  Fig.  4.42  is  not  sufficiently  great,  an  accurate 
estimate  of  the  Urbach  absorption  edge  corresponding  to  B = 5 cm'1  cannot 
be  made  because  the  extrapolation  would  have  to  be  made  from  the  absorption 
data  which  include  contributions  from  the  secondary  tail. 

_ 

See  summary  Figures  1.7  and  1.14  of  Volume  I. 
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Fig.  4.42(a).  Absorption  coefficient  of  pure  A£203,  showing  the 
sharp  rise  in  the  absorption  coefficient  at  the  absorption  edge 
near  8.64  eV  and  the  rather  long  and  strong  secondary  absorption 
tail  extending  to  approximately  7.2  eV.  [ H.  H.  Tippins,  Phys. 
Rev.  B 1,  126  (1970).] 
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The  transmittance  near  the  short-wavelength  cutoff,  before  and  after 
electron  irradiation,  of  a UV-grade  optically  polished  At203  is  shown  in 
Fig.  4.43.^'^  This  figure  defines  the  cutoff  at  8.64  eV  (143.5  nm)  more 
sharply  than  in  the  preceding  figure  and  also  demonstrates  the  high  resist- 
ance of  sapphire  to  transmittance  loss  from  high-energy  electron  irradiation. 

1.  Transition-metal  ions  in  AtpOj.  Aluminum  oxide  has  a 

rhombohedral -hexagonal  crystal  structure  in  which  an  At  atom  is  surrounded 

by  a trigonal ly  distorted  octahedron  of  oxygens.  Aluminum  fills  two-thirds 

of  the  octahedral  sites,  and  while  its  true  site  symmetry  is  C3>  the  site 

4 26 

group  C3V  may  be  retained  for  many  purposes.  ’ 

The  Laporte  selection  rule,  which  requires  that  the  parities  of  the 
final  and  initial  states  be  different  and,  thus,  forbids  intra-d-shell 
transitions  in  cubic  crystals,  is  relaxed  in  aluminum  oxide  because  there 
is  no  center  of  symmetry  at  the  positive-ion  site  in  its  lattice.  The  ob- 
served oscillator  strengths  of  the  spin-allowed  d-d  transitions  of  the 

-4 

transition-metal  ions  in  aluminum  oxide  are  of  the  order  of  10  . 

Because  of  its  non-cubic  crystal  structure,  many  of  the  absorption 
bands  associated  with  lattice  defects  or  impurities  in  At203  are  anisotropic. 

A detailed  analysis  of  the  polarized  optical  absorption  spectra  due 

to  intra-d-shell  transitions  of  several  first-group  transition-metal  ions 

4 26 

in  aluminum  oxide  has  been  made  by  McClure.  ’ This  analysis  indicates 
that  the  vibrational-electronic  contribution  to  band  strength  is  quite  small 
at  low  temperatures  but  increases  rapidly  at  high  temperatures,  that  the 
surroundings  of  an  ion  are  distorted  in  some  electronic  states,  and  that 
the  impurity  ion,  while  it  substitutes  for  At,  probably  occupies  a position 
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Fig.  4.43.  Transmittance  spectra  of  AJ^Oj,  showing  the  absorption  edge 
at  143.5  rm  and  the  relatively  small  effect  of  electron  irradiation 
from  2 x IQ14  electrons/cm2  at  1.0  MeV  and  9 x 1014  electrons/cm2  at 
2.0  MeV.  [0.  F.  Heath  and  P.  A.  Sacher,  Appl . Opt.  5_,  937  (1966).] 
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displaced  by  about  0.01  nm  from  the  At  site  in  the  c direction  toward  the 
empty  octahedral  site. 

Table  4.5  summarizes  the  possible  assignments,  polarizations,  centroid 

positions,  Dq  values  and  oscillator  strengths  (f-numbers)  of  the  intra-d-shell 
3+  3+ 

transitions  of  Ti  through  Ni  observed  in  aluminum  oxide  at  77  K.  Three- 

2 

part  symbols,  such  as  T^tE,  are  used  in  the  table  to  specify  electronic 
2 

states.  Here  T2  refers  to  the  cubic-field  parent,  t the  strong-field  con- 
figuration, and  E the  trigonal-field  representation. 

3+  3+  3+  3+ 

The  polarized  absorption  spectra  at  77  K of  Ti  , V , Cr  , Mn  and 
3+  3+ 

Co  , and  at  35 K of  Ni  , in  aluminum  oxide  are  shown  in  Fig.  4.44  through 
Fig.  4.49. 

4 26 

At  77  K and  below,  McClure  ' observed  fine  structures  in  the  polar- 

3+  3+ 

ized  spectra  of  all  first-group  transition-metal  ions  from  V through  Ni  . 
These  were  identified  as  vibrational  structures,  and  most  of  the  observed 
vibrational  intervals  were  found  to  be  characteristic  of  the  aluminum  oxide 

lattice.  The  assignments  of  the  AJ^Oj  lattice  vibrations  are  listed  in 

4 27  3+  3+ 

Table  4.6.  ’ The  first  strong-band  vibrational  structures  of  Co  , V , 

3+ 

and  Cr  in  corundum  are  shown  in  Figs.  4.50  through  4.52,  respectively. 

3+ 

The  sharp  line  structure  in  the  Cr  band  is  highly  polarized  perpendicular 
• 3+ 

to  c,  but  in  the  V band  the  structure  appears  with  about  the  same  intensity 

3+ 

in  both  polarizations,  and  while  several  vibrational  modes  appear  in  the  Co 

3+  3+ 

absorption,  only  one  mode  is  present  in  Cr  and  V absorptions.  The  ob- 

- 1 3+  3+ 

served  progression  of  200  cm  intervals  in  the  T2  bands  of  V and  Cr 

was  assigned  to  an  Eu  mode  of  the  aluminum  oxide  (Table  4.6).  McClure  con- 
cludes that  the  ground  states  and  the  first  excited  states  are  similar  in 
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Table  4.5.  Summary  of  ground-  and  excited-state  assignments,  Dq  values, 
centroids  of  strong  bands  (v  in  eV)  and  f-numbers  (f  * 10^)  of  observed 
intra-d-shel  1 transitions  of  trivalent  ions  in  AJI2O3  at  77  K.  [ D.  S. 
McClure,  J.  Chem.  Phys.  36,  2757  (1962).] 


State 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

ground 

2T2tE 

3 2 

VA2 

4A2t3A2 

5Et3eE 

6A1t3e2A1 

2Et6eE 

1st  exc. 

2E 

3T?et 

4Vt2 

5T„t2e2 

lllt^e 

1.952 

? 

//v 

2.517 

2.171 

L 

2.288 

L 

2.554 

2.083 

V 

2.288 

f 

0.432 

0.279 

1.30 

1.77 

0.27 

3.3 

_LV 

2.517 

2.160 

2.232 

2.319 

1 .907 

2.021 

V 

2.288 

f 

0.132 

0.360 

4.80 

2.67 

0.87 

4.5 

2nd  exc. 

fj-jet 

3.091 

^et2 

3.125 

iv 

2.133 

^^e 

//v 

2.873 

f 

5.61 

10.16 

1 .05 

J.V 

3.138 

3.026 

2.207 

2.827 

f 

1.60 

5.88 

0.60 

3rd  exc. 

3A0e2 

4.886 

4A,.4EtV 

3.195 

//v 

L 

3.874 

f 

1.3 

-Lv 

4.836 

3.203 

f 

1.2 

Dq  cm-1 

0.2362 

0.2170 

0.2251 

0.2414 

0.2046 

0.2269 
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3+ 

Fig.  4.44.  Absorption  spectrum  of  Ti  in  A^O,. 
[ D.  S.  McClure,  J.  Chem  Phys.  36.  2757  (1962).] 
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Wavelength  (nm) 


3+ 

Fig.  4.49.  Absorption  spectrum  of  Ni  in  corundum.  The 
high-energy  band  in  this  spectrum  is  a charge  transfer 
band.  [ D.  S.  McClure,  J.  Chem.  Phys.  36,  2757  (1962).] 
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Table  4.6.  Vibrations  of  aluminum  oxide.  Symmetry 
classification  D^.  [R.  S.  Krishnan,  Proc.  Indian  Acad. 
Sci.  26A,  450  (1947).] 


Rep'n 

Number 

of 

Modes 

Activity 

Raman  IR 

Observed  Frequencies  (cm  "* ) 

% 

2 

+ 

578  751 

Alu 

3 

A2u 

2 

+ 

244  847 

no 

to 

2 

Eu 

4 

+ 

194  328-55  434  909 

5 

+ 

375  417  432  450  642 
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Wavelength  (nm) 


Fig.  4.50.  Vibrational  structure  of  the  first  strong 
3+ 

band  of  Co  in  Ae^O^  The  vibrations  of  pure  corundum 
and  their  assignments  are  boxed  in.  [ D.  S.  McClure, 
J.  Chem.  Phys.  36,  2757  (1962).] 
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Wavelength  (nm) 
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Fig.  4.51.  Vibrational  structure  of  the  first  strong  band 

3+ 

of  V in  Peak  positions  of  the  vibrational  struc- 
tures are  expressed  in  cm"1.  [ D.  S.  McClure,  J.  Chem. 

Phys.  36,  2757  (1962).] 
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Wavelength  (nm) 

520  540  560  500  600 


Fig.  4.52.  Vibrational  structure  of  the  first  strong 
3+ 

band  of  Cr  in  A£0CL.  Indicated  peak-position  of 

£ 3 .I 

the  vibrational  structures  are  in  cm  . [D.  S.  McClure, 

J.  Chem.  Phys.  36,  2757  (1962).] 
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3+  3+  3+ 

Co  , but  the  resemblance  is  decreased  in  Cr  and  V because  the 

states  are  tetragonal ly  distorted  which  destroys  their  C3  symmetry. 

Polarized  absorption  spectra  at  several  temperatures  between  298  and 
3+  3+ 

1.300K  of  Cr  and  Co  in  aluminum  oxide  are  shown  in  Figs.  4.53  and  4.54, 
respectively. 

The  presence  of  transition-metal  ions  in  aluminum  oxide  gives  rise  to 

additional  absorptions  on  the  high-energy  side  of  those  assigned  to  d-d 

transitions.  These  absorptions  of  various  first-row  transition  metal  ions 

4 24 

in  corundum  have  been  measured  and  analyzed  by  Tippins,  * who  assigns  them 
to  a charge-transfer  process  whereby  an  electron  is  transferred  from  a non- 
bonding orbital,  localized  predominantly  on  the  O’"  ligands,  to  either  the 
t2g(-  *)  or  eg(o*)  anti-bonding  orbital  localized  predominantly  on  the 
transition-metal  impurity.  The  important  characteristics  of  the  absorptions 
attributed  to  the  ligand-metal  charge-transfer  processes  are  the  following: 
(i)  the  peak  positions  are  dependent  on  the  impurity  ion;  (ii)  the  peak 
positions  and  widths  are  independent  of  temperature  over  the  range  77-300  K; 
and  (ill)  the  oscillator  strengths  are  much  higher  than  those  associated 
with  the  d-d  transitions. 

Optical -absorption  spectra  in  the  region  of  charge-transfer  transitions 
of  A*203  doped  with  V3+,  Ti3+,  Cr3+,  Mn3+  (and  Mn4+),  Fe3+  and  Ni3+  are 
shown  successively  in  Fig.  4.55  through  Fig.  4.60. 

A simple  model  predicts  the  following  expression  for  the  threshold 
energy  of  the  charge-transfer  process. 

hv  = C - I(M2+)  + AEd  , (4.1) 
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Fig.  4.53.  Absorption  spectra  of  Cr  in  A£203  at  various 
temperatures  (K).  Upper  set  ±C,  lower  set  //C.  [ D.  S. 
McClure,  J.  Chem.  Phys.  36,  2757  (1962).] 
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3+ 

Fig.  4.55.  Absorption  spectrum  of  AX^O^  doped  with  V showing 
the  charge-transfer  threshold  at  5.75  eV  and  the  low-energy 
bands  due  to  intra-d-shell  transitions.  [H.  H.  Tippins,  Phys. 
Rev.  B 1,  126  (1970).] 
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Fig.  4.56.  Absorption  spectrum  of  Afc^  doped  with 
Ti^+.  The  broad  shoulder  near  7 eV  is  identified  as 
a charge-transfer  transition.  [H.  H.  Tippins,  Phys. 
Rev.  B 1,  126  (1970).] 
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Fig.  4.57.  Absorption  spectrum  of  A2.o0,  doped  with 

3+  ^ 

Cr  (ruby)  showing  an  intense  charge-transfer  peak 

at  6.94  eV.  [ H.  H.  Tippins,  Phys.  Rev.  B X»  126 

(1970).] 
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Fig.  4.58.  Absorption  spectra  of  AJ^O^  doped  with  Mn  . All 

bands  except  the  very  weak  one  between  2 and  3 eV  are  due  to 

charge  transfer.  The  peak  near  4.1  eV  for  the  flux-grown 

3+ 

sample  is  believed  to  be  the  Mn  charge-transfer  threshold. 
[H.  H.  Tippins,  Phys.  Rev.  B 1_,  126  (1970).] 
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Wavelength  (nm) 


3+ 

Fig.  4.60.  Absorption  spectrum  of  doped  with  Ni  . The 
low-energy  tail  of  the  band  peaked  at  3.2  eV  extends  into  the 
visible  and  gives  the  crystal  a pronounced  yellow  color,  even 
for  very  low  nickel  concentration.  [H.  H.  Tippins,  Phys.  Rev. 
B 1,  126  (1970).] 
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2+ 

where  C is  an  energy  constant  common  to  all  impurity  ions,  I (M  ) is  the 

third  ionization  energy  of  the  transition-metal  impurity,  and  AEd  is  the 

term  introduced  to  take  into  consideration  the  difference  of  the  d-electron 

stabilization  energy  for  the  two  different  configurations  of  the  divalent 

and  trivalent  ions.  The  value  of  AE^  is  + 6 Dq  if  the  transferred  electron 

enters  an  e^  orbital  and  - 4 Dq  if  it  enters  a lower-lying  t2g  orbital. 

3+  3+  3+ 

From  the  well  resolved  high-energy  spectra  of  V , Cr  , and  Fe  in 
aluminum  oxide  (Figs.  4.55,  4.57,  and  4.59),  Tippins  estimates  the  value 
of  C = 36.24  eV. 

Experimentally  observed  peak  positions  of  the  high-energy  absorptions 
are  compared  with  the  corresponding  values  predicted  by  expression  (4.1) 
in  Table  4.7.  The  observed  peak-position  values  in  most  cases  are  within 
1 eV  of  the  calculated  values. 

Tippins  has  also  studied  the  absorptions  of  Zr,  Ru,  Pd,  Ag,  and  Ga  in 
AJ^O^.  Each  of  these  elements  was  observed  to  give  rise  to  a broad  struc- 
tureless shoulder  on  the  low-energy  side  of  the  intrinsic  absorption, 

3+ 

similar  to  a great  extent  to  that  shown  in  Fig.  4.56  for  the  Ti  -doped 
aluminum  oxide;  no  spectra  were  given. 

In  aluminum  oxide  containing  Fe  or  Fe  and  Ti  impurities,  there  are 

several  observed  absorption  bands  which  cannot  be  assigned  to  d-d  transitions 

in  isolated  impurities  or  to  ligand-metal  charge-transfer  processes.  These 

absorption  bands  fall  into  three  classes.  Two  of  them  involve  metal-to- 

metal  charge  transfer.  In  the  first  case,  electron  transfer  takes  place 

between  the  same  transition-metal  impurity  present  in  two  different  valence 

2+  3+ 

states  in  adjacent  metal  sites,  e.g.,  Fe  -*■  Fe  , and  in  the  second  case 
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Table  4.7.  Summary  of  data  obtained  from  spectra  of  Figs.  4.55 
to  4.60  and  comparison  with  the  threshold  values  predicted  from 
Eq.  (4.1)  of  the  text  for  the  charge-transfer  process.  All 
energies  are  expressed  in  eV.  [H.  H.  Tippins,  Phys.  Rev.  B 1_, 
126  (1970).] 


Ion 

Mole  % 
of 

Dopant 

Configuration 

Peak 

Positions 

36.24 

-i(m2+) 

+ AEd 

i(m2+) 

10  Dq 

Ti3+ 

0.003 

t2g 

~6.9 

7.82 

27.47 

2.36 

v3+ 

0.03 

5.75 

6.06 

29.31 

2.17 

Cr3+ 

0.01 

6.94 

6.64 

30.95 

2.25 

Mn3+ 

~0.01 

t?  3 e 

2g  g 

4 . 1 5(  ? ) 

4.00 

33.69 

2.42 

Fe3+ 

0.02 

t 3e2 
% eg 

4.78 

4.78 

30.64 

2.05 

6.38 

7.2 

Ni3+ 

0.001 

l2g  eg 

3.16 

0.48 

35.16 

3.04 

* 

4.6 

7.04 

Al3+ 

100 

Edge 

7.8 

28.44 

8.8 
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the  electron  transfer  takes  place  between  two  neighboring  unlike  metals  in 

2+  4+ 

different  valence  states,  e.g.,  Fe  Ti  . The  third  class  of  transition 

3+ 

is  associated  with  pairs  of  exchange-coupled  Fe  ions  and  involves  the 
electronic  excitation  of  one  ion  of  the  pair  or  the  simultaneous  electronic 
excitation  of  both  ions  of  the  pair. 

3+ 

The  energy-level  diagram  of  Fe  and  the  polarized  absorption  spectra 

3+ 

of  natural  yellow  AJ^^*  which  contains  Fe  impurity,  are  shown  in 

4 28  3+ 

Fig.  4.61.  ‘ The  polarized  absorption  spectra  of  a synthetic  Fe  -doped 

4 28 

at  vari°us  temperatures  between  6 and  295 K are  shown  in  Fig.  4.62.  ' 

4 OO  1 

Ferguson  and  Fielding  ' indicate  that  by  using  the  Dq  value  of  1,430  cm 

and  neglecting  the  trigonal  field,  it  is  possible  to  assign  single-ion 

states  to  the  Fe^+  absorption  bands  near  1,031  nm  (1.20  eV;  4Ta),  535  nm 

(2.32  eV;  4Ta),  450  nm  (2.76  eV;  4Ar4E),  391  nm  (3.17  eV;  4Tb),  375  nm 

(3.31  eV;  4Eb),  and  308  nm  (4.03  eV;  4T^),  the  observed  temperature-  and 

concentration-dependent  features  of  the  spectra  can  be  best  explained  by 

3+ 

considerations  of  exchange-coupled  Fe  ions.  According  to  these  authors, 

the  450  and  375  nm  bands  correspond  to  electronic  excitation  of  one  ion  of 
3+ 

an  Fe  pair,  and  the  ones  near  330,  420,  and  540  nm  correspond  to  electronic 
excitation  of  both  ions  of  a pair. 

Figure  4.63  shows  the  polarized  absorption  spectra  of  a sample  of 
natural  blue-green  AJ^O^,  which  contains  Fe  and  Ti  impurities.  The  absorp- 
tions seen  near  562  and  704  nm  (2.20  and  1.76  eV)  have  been  assigned  to 

Fe2+  -*•  Ti4+  charge  transfer,4'29  and  the  band  near  870  nm  (1.43  eV)  has  been 

2+  3+  4 28 

attributed  to  Fe  to  Fe  charge  transfer. 
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Fig.  4.61.  Energy-level  diagram  for  (left)  and  the  absorption 

3+ 

spectrum  of  a natural  yellow  ^^2^3  conta'*n‘*n9  0.99%  Fe  . 
[J.  Ferguson  and  P.  E.  Fielding,  Chem.  Phys.  Lett.  K),  262  (1971).] 
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AJ^Oj:  Fe,  T1 
RT  ( ) and  10  K ( — ) 


Fig.  4.63.  Absorption  spectrum  of  natural  blue- 
green  containing  titanium  and  0.62  percent 
iron.  [J.  Ferguson  and  P.  E.  Fielding,  Chem.  Phys. 
Lett.  10,  262  (1971).] 
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4 30 

2.  Radiative  coloration  of  Al^O^.  Hunt  and  Schuler  ' observed 
absorption  bands  near  230  nm  (5.4  eV),  400  nm  (3.1  eV),  and  650  nm  (1.9  eV) 
in  X-irradiated  synthetic  A^2°3  cpystals-  The  magnitudes  of  these  absorp- 
tions were  observed  to  reach  saturation  at  a relatively  low  exposure  level, 
and  the  maximum  absorption  at  230  nm  (5.4  eV)  was  found  to  be  sample  de- 
pendent. Absorption  spectra  of  two  AJ^O^  crystals  X-irradiated  to  the 
saturation  point  are  shown  in  Fig.  4.64. 

The  absorption  spectrum  of  a y-irradiated  UV-grade  Linde  sapphire  is 

4 31 

shown  in  Fig.  4.65,  curve  1.  ’ In  this  material,  two  absorption  bands 

3+ 

were  present  before  irradiation  — one  near  180  nm  (6.9  eV)  due  to  Cr 
impurity  and  the  other  in  the  infrared  at  3,051  nm  (0.406  eV  or  3.05  pm) 
attributed  to  an  OH  ion  adjacent  to  a positive-ion  vacancy.  In  the  irra- 
diated sample,  in  addition  to  the  two  main  absorption  bands  seen  near 
227  nm  (5.46  eV)  and  410  nm  (3.02  eV)  in  Fig.  4.65,  a band  was  observed 
at  3,016  nm  (0.411  eV  or  3.016  pm)  in  the  infrared.  This  band  grew  at  the 
expense  of  3,051  nm  (0.406  eV)  band  and  was  assigned  to  VgH~  center,  con- 
sisting of  an  OH”  ion  adjacent  to  an  aluminum  vacancy  which  has  captured 
a hole.  It  is  seen  in  Fig.  4.65  that  irradiation  with  410  nm  light 
bleaches  both  the  227  nm  and  410  nm  bands.  Simultaneous  bleaching  of 
both  these  bands  was  also  observed  when  the  y-irradiated  aluminum  oxide 
was  bleached  with  230  nm  light.  These  observations,  in  conjunction  with 

the  studies  of  thermoluminescence  and  thermal  bleaching  behavior  of  ab- 

4 31 

sorptions  in  y-irradiated  Ag^O^,  have  led  Turner  and  Crawford  ’ to 
suggest  that  the  410  nm  (3.02  eV)  band  is  a composite  V band,  one  com- 
ponent of  which  is  the  VgH-  center,  and  that  the  227  nm  (5.47  eV)  band 
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Fig.  4.64.  Absorption  spectra  of  two  A£-203  crystals 
X-irradiated  to  saturation.  [ R.  S.  Hunt  and  R.  H. 
Schuler,  Phys.  Rev.,  89,  664  (1953).] 
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Fig.  4.65.  Absorption  spectrum  of  y-irradiated  AZ^O^ 
following  bleaching  at  410  nm  for  periods  of  (1)  0, 
(2)  5,  (3)  15,  (4)  35,  (5)  75,  (6)  155,  (7)  315  min. 
[ T.  J.  Turner  and  J.  H.  Crawford,  Jr.,  Solid  State 
Commun.  1_7,  167  (1975).] 
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2+  3+ 

is  due  to  Cr  ions,  resulting  from  electron  capture  by  Cr  during 

irradiation. 

Absorption  spectra  at  77 K of  neutron-  and  electron-irradiated 

4 32 

aluminum  oxide  crystals  are  compared  in  Fig.  4.66.  ' The  only  band  seen 
in  the  electron-irradiated  sample  is  at  205  nm  (6.05  eV);  in  the  neutron- 
irradiated  sample,  however,  additional  weaker  bands  near  230  and  255  nm 
(5.4  and  5.9  eV)  are  also  present.  Since  the  205  nm  (6.05  eV)  band  can  be 
generated  by  X or  y irradiation,  but  not  by  UV  light,  the  band  is  pre- 
sumed to  arise  from  trapping  of  charges  at  defects  which  occur  when  atoms 

4 32 

are  displaced.  Arnold  and  Compton  ‘ report  threshold  energies  of  40  eV 
and  80  eV  for  the  displacements  of  aluminum  and  oxygen  atoms,  respectively. 

In  another  study  of  neutron-radiation  coloration  of  sapphire,  bands 
were  resolved  at  1.9  (653),  2.2  (564),  2.8  (443),  3.5  (354),  4.1  (302), 

4.8  (258),  and  6.1  eV  (203nm)at  -185  C,  as  shown  in  Fig.  4.67.^*33  Over 
the  spectral  range  2 to  6.5  eV  (620  to  191  nm),  only  the  6.1  eV  band  was 
found  to  be  isotropic.  The  anisotropy  associated  with  other  bands  is 
shown  in  Fig.  4.68.  For  comparison,  the  anisotropy  of  absorptions  induced 
by  electron  irradiation  of  Ai^Og  is  shown  in  Fig.  4.69. 

While  X or  y irradiation  alone  cannot  generate  the  203  nm  (6.1  eV) 

band,  a pronounced  enhancement  in  the  magnitude  of  the  203  nm  band  is 

observed  if  a neutron- irradiated  At^Og  sample  is  subsequently  irradiated 

4 34 

with  X or  y rays,  as  illustrated  in  Fig.  4.70.  ’ The  effect  of  optical 
bleaching  with  410  nm  (3.02  eV)  light  on  the  absorptions  in  a neutron- 
and  Y-irradiat“d  At^Og  sample  is  shown  in  Fig.  4.71.  Since  the  absorption 
in  the  region  of  2 to  3 eV  (620  to  413  nm)  has  been  assigned  earlier  to 
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Wavelength  (nm) 


Fig.  4.66.  Absorption  spectra  of  neutron-irradiated  (a)  and 

17  2 

electron-irradiated  (b)  A£90_.  (a)  10  neutrons/cm  (fast), 

^ J 16  2 

pile  temperature.  (b)  2 MeV  electrons  9.45  * 10  e/cm  , 

77  K.  Measurements  made  at  77  K.  [G.  W.  Arnold  and  W.  D. 

Compton,  Phys.  Rev.  Lett.  4,  66  (I960).] 
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Photon  Energy  (eV) 


Fig.  4.67.  Absorption  spectra  at  20  and  -185  C of  A£203 
neutron- irradiated  at  pile  temperature.  [E.  W.  J.  Mitchell, 

t 

J.  D.  Rigden,  and  P.  D.  Townsend,  Phil.  Mag.  5,  1013  (I960).] 
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Fig.  4.68.  Anisotropy  of  absorption  induced  by  neutron 
irradiation  of  At^O^.  [E.  W.  J.  Mitchell,  J.  D.  Rigden, 
and  P.  D.  Townsend,  Phil.  Mag.  5_,  1013  (I960).] 
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Photon  Energy  (eV) 


Fig.  4.69.  Anisotropy  of  absorption  induced  by  electron 
irradiation  of  A^O-j.  [E.  w.  J.  Mitchell,  J.  D.  Rigden, 
and  P.  D.  Townsend,  Phil.  Mag.  ji,  1013  (I960).] 
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Fig.  4.70.  Absorption  spectra  of  neutron-irradiated 
UV-grade  Aj^O^.  The  dashed  curves  were  measured 
approximately  one  week  after  reactor  exposure,  the 
solid  curve  after  a subsequent  five-minute  y irra- 
diation in  a source  of  ~106R/hr.  [T.  J.  Turner  and 
J.  H.  Crawford,  Jr.,  Phys.  Rev.  B 13,  1735  (1976).] 
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Fig.  4.71.  Effect  of  optical  bleaching  with  410  nm  (3.02  eV) 

light  on  the  absorption  spectrum  of  A£90,  after  neutron  irra- 
15  2 ^ 

diation  (4  x 10  neutrons/cm  ) and  y irradiation.  Bleaching 
times  are:  0 min  - curve  0;  5 min  - curve  1;  15  min  - curve  2; 
35  min  - curve  3;  75  min  - curve  4.  [ T.  J.  Turner  and  J.  H. 

Crawford,  Jr.,  Phys.  Rev.  B 13,  1735  (1976).] 


223 


Sec.  IV-B  ^2°3 

V-type  hole  centers,  and  since  the  203  nm  (6.1  eV)  band  and  the  2 to  3 eV 

(620  to  413  nm)  absorption  are  bleached  simultaneously  during  irradiation 

with  410  nm  (3.02  eV)  light,  the  203  nm  (6.1  eV)  band  has  been  assigned  to 

electrons  trapped  at  aluminum  interstitials  or  oxygen  vacancies  produced 

4 34 

by  displacement  processes  during  neutron  irradiation. 

Optical  absorption  spectra  of  aluminum  oxide  crystals  irradiated 

with  14  MeV  neutrons  and  with  fission  neutrons  (E  > 0.1  MeV)  are  compared 
4 35 

in  Fig.  4.72.  ' Note  that  the  magnitude  of  the  203  nm  (6.1  eV)  absorption 
per  incident  neutron  is  approximately  four  times  greater  in  the  sample  irradi- 
ated with  14  MeV  neutrons  than  in  the  sample  irradiated  with  fission  neutrons. 

The  optical  absorption  accompanied  by  the  ion  implantation  of  AZ^O^ 

4 36 

crystals  has  been  studied  by  Arnold  and  co-workers.  ' The  most  prominent 

feature  of  the  optical  absorption,  as  in  the  case  of  neutron  or  electron 

irradiation,  was  the  203  nm  (6.1  eV)  band,  whose  magnitude  was  found  to 

be  proportional  to  the  amount  of  ion  energy  lost  in  electronic  processes. 

Absorption  spectra  of  A^O.^  crystals  implanted  with  H+,  D+,  4He+,  and  0+ 

ions  are  shown  in  Fig.  4.73.  The  260  nm  (4.8  eV)  band  seen  in  this  and 

some  previous  figures  is  believed  to  be  associated  with  AZ  vacancies. 

Irradiation  of  AZ^O^  often  improves  its  UV  transparency.  The  dip  in  the 

absorption  seen  near  230  nm  (5.4  eV)  in  the  case  of  A^O^  implanted  with 

0+  ions  is  believed  to  have  arisen  from  this  effect.  The  transmittance 

enhancement  observed  near  203  nm  (6.1  eV)  after  electron  irradiation  of 

4 25 

sapphire  (Fig.  4.43)  was  attributed  to  the  same  effect.  ' 
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Fig.  4.72.  Absorption  spectra  of  A£203  after  irradiation  by 
(a)  14  MeV  neutrons,  1 * 1017  n/cm2,  and  (b)  fission  neutrons 
(Ep  > 0.1  MeV),  -5*  1017  n/cm2.  [ J.  M.  Bunch  and  F.  W. 
Clinard,  Jr.,  J.  Am.  Ceram.  Soc.  57,  279  (1974).] 
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C.  Magnesium  Oxide* 

Magnesium  oxide  (MgO)  has  the  face-centered-cubic  rock-salt  (NaC£) 
structure  and  its  binding  is  predominantly  ionic.  Because  of  its  high  melt- 
ing point  (2800  C)  and  high  vapor  pressure  at  the  melting  point,  large  MgO 
crystals  required  for  commercial  purposes  are  grown  by  the  arc-fusion 
method.  This  technique  produces  badly  strained  crystals  which  contain  sev- 
eral impurities,  including  hydrogen,  transition  metals  (predominantly  iron). 

Si,  A£,  Zn,  and  foreign  alkaline  earths.  Using  a modified  arc-fusion  method, 
4 37  4 38 

Butler,  et  al.,  ' ’ ’ at  the  Oak  Ridge  National  Laboratory  have  obtained 

high-purity  MgO  crystals  containing  a few  parts  per  million  of  positive-ion 
impurities  and  a significantly  lower  concentration  of  hydrogen  than  the 
commercial  crystals.  The  impurity  analysis  of  an  MgO  boule  grown  at  the 
Oak  Ridge  National  Laboratory  and  of  a commercial  Spicer  MgO  crystal  are 
given  in  Table  4.8.^‘3^ 

The  room- temperature  spectra  of  unirradiated  and  3 MeV-Ne+-bombarded 

4 40 

Oak  Ridge  National  Laboratory  MgO  crystals  are  shown  in  Fig.  4.74.  ’ 

(The  spectral  features  of  the  Ne+-bombarded  crystals  will  be  discussed 
later.)  The  dashed  curve  near  the  bottom  of  the  figure  represents  approxi- 
mate Fresnel  losses.  The  weak  band  seen  near  5.7  eV  (217.5  nm)  in  the  ab- 

• 3+ 

sorption  spectrum  of  the  unirradiated  crystal  is  ascribed  to  Fe  and  other 
transition-metal  impurities.  The  abrupt  rise  above  7.2  eV  (172  nm)  is  be- 
lieved to  be  due  to  the  first-exci ton-type  transition  in  MgO.  For  a,  speci- 
men 0.15  nm  thick,  an  absorption  coefficient  of  5 cm”1  corresponds  approxi- 
mately to  an  optical  density  of  5 x 0.015/2.303  = 0.033.  Considering  the 
value  of  0.2  for  the  Fresnel  losses,  the  absorption  edge  corresponding  to 

the  optical  density  of  0.233  is  seen  at  ~7.2  eV  (172  nm). 

* 

See  summary  Figure  1.6  of  Volume  I. 
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Table  4.8.  Impurity  analyses  of  Oak  Ridge  National  Laboratory  and 
Spicer  MgO  crystals.  [Y.  Chen,  0.  L.  Trueblood,  0.  E.  Schow,  and 
H.  T.  Tohver,  J.  Phys.  C:  Solid  State  Phys.  3^  2501  (1970).] 


Element 

ORNL 

pg/g 

Spicer 

ug/g 

Ag 

< l 

A1 

6 

41 

As 

< 0.4 

B 

< 2 

Ba 

< 3 

< 0.6 

Be 

< 1 

Bi 

< 3 

Ca 

14 

61 

Co 

<10 

Cr 

1 

< 5 

Cu 

< 1 

Fe 

2 

3 

Ge 

< 5 

K 

< 5 

Li 

< 1 

Mn 

“ 0.06 

0.3 

Mo 

< 1 

N 

7 

9 

Na 

0.7 

0.3 

Ni 

< 5 

P 

5 

2 

Pb 

< 5 

< 0.5 

Rb 

< 5 

S 

< 5 

< 2 

Sb 

< 5 

Si 

14 

19 

Sn 

< 3 

Sr 

< 5 

Ti 

2 

V 

< 3 

Zr 

< 4 

< 6 

Zn 

6 
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Wavelength  (nm) 


Fig.  4.74.  Absorption  spectra  of  unirradiated  and 
3 MeV  Ne+-bombarded  MgO  crystals.  [B.  D.  Evans, 
Phys.  Rev.  B 9,  5222  (1974).] 
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Figure  4.75  shows  the  reflectance  of  MgO  measured  at  a 15°  angle  of 
incidence  for  photon  energies  between  4 and  29  eV  (310  and  43  nm).4'41 
The  optical  absorption  spectra  of  a thin  film  of  MgO  at  25  C and  -170  C 
in  the  absorption  edge  region  are  shown  in  Fig.  4.76.4'4^ 

The  refractive  index  values  of  MgO  between  361.2  and  5,350  nm  (3.43 
and  0.23  eV)  are  listed  in  the  American  Institute  of  Physics  Handbook.4’4^ 
With  decreasing  photon  energy  over  this  spectral  range,  the  refractive 
index  decreases  from  1.77318  to  1.62404. 

The  optical  constants  of  MgO  between  4 and  29  eV  (310  and  43  nm) 

4 41 

have  been  derived  by  Williams  and  Arakawa  ' using  a Kramers- Kronig 
analysis  of  the  reflectance  data. 

1 . Transition-metal  ions  in  MgO. 

3+  3+ 

a.  V i n MgO . The  optical  absorption  spectrum  of  a V -doped 

MgO  crystal  is  shown  in  Fig.  4. 77. 4,44  The  two  weak  bands  in  the  visible 

at  2 and  3 eV  (620  and  413  nm)  have  been  assigned  respectively  to  the 

3T1(t^)  ■+  ^T2(et)  and  3T^(t^)  -*  ^T^(et)  transitions,4'45  and  the  intense 

absorption  band  at  5.25  eV  (236  nm)  has  been  assigned  to  oxygen-to- 

4 44 

vanadium  charge  transfer.  ' The  vanadium-related  absorptions  in  MgO  are 
strongly  influenced  by  the  thermal  history  of  the  crystals.  Fig.  4.78 
illustrates  the  effects  of  annealing  in  various  atmospheres  on  the  UV 
absorption.  It  is  seen  that  a 4 h treatment  in  hydrogen  at  1400  C re- 

3+ 

duces  the  5.25  eV  (236  nm)  absorption,  apparently  by  converting  some  V 
2+ 

to  V , which  is  restored  by  a subsequent  heat  treatment  in  oxygen.  Rapid 

cooling  after  a heat  treatment  in  argon  is  seen  to  narrow  the  5.25  eV 

3+ 

(236  nm)  band,  presumably  from  a decreased  association  of  the  V with 
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Fig.  4.75.  Reflectance  spectrum  of  MgO  for  a 15  degree  angle  of 
incidence.  [M.  W.  Williams  and  E.  T.  Arakawa,  J.  Appl . Phys.  38, 
5272  (1967).] 


Fig.  4.76.  Optical  absorption  in  the  absorption  edge  region  of  a 
thin  film  of  magnesium  oxide  on  a lithium  fluoride  substrate.  [G. 
H.  Reiling  and  E.  B.  Hensley,  Phys.  Rev.  112,  1106  (1958).] 
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Fig.  4.77.  Absorption  spectrum  of  V in  MgO.  [F.  A.  Modine, 
Phys.  Rev.  B 8,  854  (1973).] 


350  325  300  275  250  225 

Wavelength  (nm) 

Fig.  4.78.  Effects  of  consecutive  heat  treatments  on  the  optical 
absorption  in  V-doped  MgO:  (1)  an  untreated  crystal  shows  only 
negligible  change  after  2 h at  1400  C in  argon;  (2)  after  4 h at 
1400  C in  hydrogen;  (3)  after  2 h at  1400  C in  oxygen;  (4)  after 
2 h at  1000  C in  argon  and  rapid  cooling.  [F.  A.  Modine,  Phys. 
Rev.  B 8,  854  (1973).] 
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4 44 

charge  compensators.  ’ A similar  study  of  the  visible  absorption  has  been 
4 45 

made  by  Sturge,  * who,  following  a heat  treatment  in  hydrogen,  observed  a 
3 3 

decrease  in  the  and  T2  bands  which  was  accompanied  by  the  appearance  of 

three  weak  and  narrow  lines  at  756  nm  (1.64  eV),  743  nm  (1.67  eV),  and  730 

o+ 

nm  (1.70  eV);  the  three  lines  were  tentatively  assigned  to  V . 

3+ 

b.  Cr  in  MgO.  The  optical  and  electron-spin-resonance  studies  show 
3+  2+ 

that  the  Cr  ion  substitutes  for  Mg  in  the  MgO  lattice  and  the  charge 

compensation  is  achieved  by  the  occurrence  of  vacancies  in  some  cation 
4 46-4  50 

sites.  ‘ ' Many  chromium  ions  are  found  in  sites  of  purely  cubic  sym- 

metry where  there  is  no  local  charge  compensation,  while  others  occupy 

non-cubic  sites  which  are  locally  charge  compensated.  Schematic  repre- 

3+ 

sentations  of  the  environments  of  Cr  ions  in  various  non-cubic  sites  are 
4 47 

shown  in  Fig.  4.79.  ' Of  the  non-cubic  centers  shown  in  Fig.  4.79,  the 
tetragonal  Cr- vacancy  centers  are  encountered  more  often  than  the  rhombic 
Cr-vacancy  centers,  and  the  Cr-vacancy-Cr  centers  exist  in  significant 
numbers  only  in  MgO  crystals  containing  relatively  large  concentrations  of 
Cr  impurities. 

4 50 

The  optical  absorption  spectrum  ' in  the  range  1.74-4.34  eV 
3+ 

(714-286  nm)  of  a Cr  -doped  MgO  crystal  is  shown  in  Fig.  4.80.  A higher- 
resolution  .spectrum4 ‘4®  of  the  same  crystal  in  the  range  672-663  nm 
(1.85-1.87  eV)  is  shown  in  Fig.  4.81.  The  positions,  assignments,  and 
the  site  symmetries  (cubic  or  non-cubic)  of  Cr  ions  responsible  for  the 
observed  absorption  peaks  are  as  follows:  668.2  and  665.4  nm  (1.856  and 
1.863  eV),  4A2  * 2Tr  cubic;  613.5  nm  (2.02  eV),  4A?  -*•  4T2>  cubic;  487.3 
and  484.1  nm  (2.544  and  2.561  eV),  ^A2  -*•  i2,  non-cubic;  452.5  nm 

A A A AO  4 

(2.74  eV),  A2  -*•  cubic.  ’ The  oscillator  strengths  for  the  T2 
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Fig.  4.79.  Representations  of  the  (001)  plane  of  MgO  showing  the 
3+ 

environments  of  Cr  ions  in  non-cubic  sites:  (a)  tetragonal  Cr- 
vacancy  center;  (b)  tetragonal  Cr-vacancy-Cr  center;  (c)  rhombic 
Cr-vacancy  center.  [J.  P.  Larkin,  G.  F.  Imbusch,  and  F.  Dravnieks, 
Phys.  Rev.  B 7,  495  (1973).] 
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MgO:  0.061  wt X Cr20 


Fig.  4.80.  Absorption  spectrum  of  CrJT-doped  MgO.  [W. 
Jr.,  G.  K.  Klauminzer,  and  A.  L.  Schawlow,  Phys.  Rev 
(1975).] 


0.12 
c7e  0-09 

o — - 

•r- 

•M  4-> 

£■  £ 0.06 

o f- 
Ul  u 
J3  T* 

< t 0.03 

Q) 

O 

O 

0 


3+ 

Fig.  4.81.  Absorption  spectrum  of  Cr  -doped  MgO  in 
the  4A2  2T1  transition.  [W.  M.  Fairbank,  Jr.,  and  G. 

Phys.  Rev.  B 7,  500  (1973).] 
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4 -4  -4 

and  T.|  bands  at  120  K have  been  reported  as  0.3  x 10  and  1.7  x 10  , 

4 50  4 

respectively.  ' Fig.  4.82  shows  the  temperature  dependence  of  the  T? 

4 4 49 

and  T,  bands. 

A number  of  sharp  absorption  and  fluorescence  lines  corresponding 
4 2 3+ 

to  A2  «-+  E transitions  in  Cr  occupying  cubic  and  non-cubic  sites  in  the 

MgO  lattice  have  also  been  observed  (Figs.  4.83  and  4.84).^‘^7  The  peak 

positions  and  the  site  assignments  of  the  observed  lines  are  as  follows: 

698.1  nm  (1.776  eV),  cubic;  698.9  and  703.5  nm  (1.774  and  1.762  eV),  split 
2 3+ 

E level  of  Cr  in  tetragonal  Cr-vacancy-Cr  pairs  (Fig.  4.79b);  699.2 

and  703.8  nm  (1.773  and  1.762  eV),  split  2E  level  of  Cr^+  in  tetragonal 
Cr-vacancy  pairs  (Fig.  4.79a).  ' ^ 

Notice  that  the  lines  in  Fig.  4.84  at  703.1  and  704.2  nm  appear  strong 

in  the  absorption  spectrum  but  do  not  occur  in  the  fluorescence  spectrum. 

4 47 

Larkin,  et  al . , ' indicate  that  these  lines  may  arise  from  chromium  ions 
in  rhombic  sites  or  from  Cr-vacancy-M  centers,  where  M is  a background 
impurity  which  might  be  present  in  MgO. 

2+  3+ 

c.  Fe  and  Fe  in  MgO.  In  magnesium  oxide,  iron  is  known  to  exist 

2+ 

in  various  forms,  including  substitutional  Fe  (favored  in  samples  an- 

3+ 

nealed  in  a vacuum  or  a reducing  atmosphere),  substitutional  Fe  (favored 

in  samples  annealed  in  an  oxidizing  atmosphere),  metallic  iron,  and  in 

4 51 

samples  containing  high  Fe  concentrations,  MgO  • Fe^O^  precipitates.  ' 

The  forms  of  iron  in  MgO  can  be  changed  by  thermal  treatment  and  by  irra- 
diation. Fig.  4.85  illustrates  the  influence  of  the  thermal  history  on 
the  absorption  of  MgO  containing  5000  ppm  of  Fe  impurity.  It  is  seen  that 
while  the  spectrum  of  the  sample  annealed  in  a CO  atmosphere  is  featureless 
(most  of  the  Fe  in  this  sample  is  expected  to  be  present  in  the  divalent 
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Fig.  4.82.  Temperature  dependence  of  the  *T9  (open  circles) 

4 3+^ 

and  T^  (closed  circles)  bands  in  MgO:Cr  . [K.  Y.  Wong, 

D.  Sengupta,  and  D.  J.  Mackey,  J.  Phys.  Chem.  Solids  35,  313 

(1974).] 
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Fig.  4.83.  Absorption  and  fluorescence  in  the  same  sample 
3+ 

of  Cr  -doped  MgO  at  liquid-nitrogen  temperature.  [J.  P. 
Larkin,  G.  F.  Imbusch,  and  F.  Dravnieks,  Phys.  Rev.  B ]_, 
495  (1973).] 


Wavelength  (nm) 

Fig.  4.84.  Absorption  and  fluorescence  in  the  same  sample 
3+ 

of  Cr  -doped  MgO  at  liquid-nitrogen  temperature.  [J.  P. 
Larkin,  G.  F.  Imbusch,  and  F.  Dravnieks,  Phys.  Rev.  B 1_ , 
495  (1973).] 
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Fig.  4.85.  Optical  absorption  spectra  after  three  heat 
treatments  of  an  MgO  crystal  containing  5000  ppm  Fe. 
[R.  W.  Davidge,  J.  Mat.  Sci.  2,  339  (1967).] 


Sec.  IV-C  MgO 


form),  at  least  seven  absorption  bands  with  peaks  near  210  nm  (5.9  eV), 

285  nm  (4.35  eV),  360  nm  (3.44  eV),  385  nm  (3.22  eV),  460  nm  (2.70  eV), 

540  nm  (2.30  eV),  and  1000  nm  (1.24  eV)  are  present  in  the  sample  annealed 
in  air  at  1400  C.  The  observed  changes  in  the  absorption  produced  by  sub- 
sequent annealing  at  700  C in  air  are  believed  to  be  associated  with  the 
occurrence  of  precipitation  reactions  in  the  sample. 

The  absorption  spectrum  of  a Norton  crystal  annealed  in  oxygen  at 

1250  C is  shown  in  Fig.  4.86,  where  it  is  resolved  into  three  Gaussian 

components  with  peaks  at  5.75  eV  (216  nm),  4.85  eV  (256  nm),  and  4.3  eV 

(288  nm);  the  sample  contains  about  200  ppm  Fe  and  several  other  impuri- 
4 52 

ties.  ' Identical  ultraviolet  absorptions  were  also  observed  by  Soshea, 

4 52 

et  al.,  ' in  a Norton  crystal  which  was  X irradiated  after  annealing  in 

vacuum  at  1400  C (Fig.  4.87).  The  absorptions  near  5.7  eV  (220  nm)  and 

4.3  eV  (290  nm)  have  been  assigned  to  charge-transfer  processes  involving 
Fe3+  4.53 

Fig.  4.88  illustrates  the  variation  of  absorption  at  285  nm  (4.35  eV) 

with  iron  content  of  MgO.  The  285  nm-absorption  measurements  in  samples 

4 51 

containing  more  than  100  ppm  Fe  were  made  by  Davidge,  ' who  annealed  his 

crystals  in  air  at  1400  C and  subsequently  fast  cooled  them  to  attain 

4 54 

saturation  levels.  The  other  data  were  obtained  by  Chen  and  Sibley,  ' 

who  annealed  their  samples  at  1100  C in  argon  and  subsequently  y irradiated 

them  to  saturate  the  absorption  at  285  nm  (4.35  eV).  Oscillator  strengths 

in  the  range  0.04-0.1  have  been  reported  for  the  4.35  eV  (285  nm)  and 

5.7  eV  (220  nm)  Fe^+  charge-transfer  bands .**’ ^ ^ 

2+  2+ 
d.  Co  in  MgO.  Optical  absorption  spectra  of  Co  -doped  MgO  in 

the  infrared  at  290  K,  and  in  the  visible  at  290  K and  at  77  K are  shown 
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Fig.  4.86.  Optical  density  enhancement  of  an  MgO  crystal  following 
an  annealing  at  1250  C in  an  oxidizing  atmosphere.  The  spectrum  has 
been  resolved  into  Gaussian  components  with  peaks  at  5 75,  4.85,  and 
4.3  eV.  [R.  W.  Soshea,  A.  J.  Dekker,  and  J.  P.  Sturtz,  J.  Phys. 
Chem.  Solids  5,  23  (1958).] 


Fig.  4.87.  Increase  in  optical  absorption  of  an  MgO  crystal  result- 
ing from  X irradiation  at  room  temperature.  The  spectrum  has  been 
resolved  into  Gaussian  components  with  peaks  near  5.7,  4.8,  4.3,  and 
2.3  eV,  and  some  additional  absorption  near  3.6  eV.  [R.  W.  Soshea, 
A.  J.  Dekker,  and  J.  P.  Sturtz,  J.  Phys.  Chem.  Solids  5,  23  (1958).] 
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Concentration  of  Fe  from 
Analysis  (Npe/NMg) 


Fig.  4.88.  Variation  of  the  saturation  absorption  at 
285  nm  (4.35  eV)  with  Fe  content  in  MgO:  circles, 
upon  y irradiation;  squares,  upon  heating  in  air  at 
1400  C.  [R.  W.  Davidge,  J.  Mat.  Sci.  2,  339  (1967).] 
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4 55 

in  Figs.  4.89,  4.90,  and  4.91,  respectively.  ' Figure  4.92  shows  the 
energy  level  diagram  as  constructed  from  the  observed  absorption  lines  of 
Co2+  in  MgO. 

2+ 

e.  Ni  in  MgO.  The  near-infrared  and  visible  absorption  spectra 

of  an  MgO  crystal  diffusion-doped  with  Ni 0 are  shown  in  Fig.  4.93  and 

4 56  2+ 

Fig.  4.94,  respectively.  ' The  observed  lines  have  been  assinged  to  Ni  ; 

their  peak  positions  are:  1160  nm  (1.07  eV),  730  nm  (1.70  eV),  680  nm 

(1.82  eV),  464  nm  (2.67  eV),  408  nm  (3.04  eV),  385  nm  (3.22  eV),  353  nm 

(3.51  eV),  and  290  nm  (4.28  eV).  The  assignments  of  the  observed  absorp- 

2+ 

tions  are  indicated  in  the  energy  level  diagram  of  Ni  in  MgO  shown  in 
Fig.  4.95. 

The  absorption  spectra  of  3T2,  3T1a,  and  3T^b  bands  cf  Ni2+  in 

MgO  at  several  temperatures  over  the  range  8 - 222  K are  shown  in  Figs.  4.96 

4 57 

through  4.99,  respectively.  ‘ 

2.  Radiation-induced  absorptions  in  MgO. 

a.  V-type  center  in  MgO.  A prominent  absorption  band  near  2.3  eV 

(5.39  nm),  assigned  to  V-type  (trapped-hole)  centers,  is  produced  in  MgO 

by  ionizing  radiation.  The  shape  of  this  band  at  5,  78,  and  295  K is  shown 
4 54 

in  Fig.  4.100,  ' where  the  absorption  seen  on  the  high-energy  side  of 

the  2.3  eV  (539  nm)  band  is  primarily  due  to  iron  impurities.  (Compare 

the  absorption  spectrum  in  Fig.  4.87  with  that  in  Fig.  4.86.)  The  2.3  eV 

(539  nm)  band  typically  reaches  saturation  at  an  exposure  level  of  the 
7 4 54 

order  of  10  R.  Chen  and  Sibley  ' found  that  the  saturation  value  and 
the  room  temperature  decay  rate  of  the  2.3  eV  (539  nm)  band  were  dependent 
on  the  sample  purity  and  quenching  temperature  (Figs.  4.101  and  4.102). 
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Wavelength 


2- 

Fig.  4.89.  Infrared  spectrum  of  Co 
small  peak  is  located  at  1100  nm.  | 
256  (1958).] 
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2+ 

Fig.  4.90.  Visible  spectrum  of  Co  in  MgO.  [W.  Low, 
Phys.  Rev.  J09*  256  (1958).] 


Fig.  4.91.  Visible  spectrum  of  Co^+  in  MgO.  The  line 
at  407  nm  becomes  noticeable  at  this  temperature.  [W. 
Low,  Phys.  Rev.  109,  256  (1958).] 
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2+ 

Fig.  4.93.  Near- infrared  spectrum  of  Ni  in  MgO. 
[W.  Low,  Phys.  Rev.  109,  247  (1958).] 
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Fig.  4.95.  Energy  level  diagram  showing  the  assignments 

2+ 

of  the  observed  optical  transitions  of  Ni  in  MgO.  [W. 
Low,  Phys.  Rev.  109,  247  (1958).] 
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Fig.  4.97.  Absorption  spectrum  of  band  of  MgO:Ni  at  8, 

130,  and  222  K.  [B.  D.  Bird,  G.  A.  Osborne,  and  P.  J.  Stephens, 
Phys.  Rev.  B 5,  1800  (1972).] 
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MgO:  0.25  at.  % Ni 
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121  K ( ) 


Fig.  4.98.  Absorption  spectrum  of  ^ band  of  MgO : Ni  at 
8,  121,  and  208  K.  [B.  D.  Bird,  G.  A.  Osborne,  and  P.  J. 
Stephens,  Phys.  Rev.  B 5,  1800  (1972).] 
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Photon  Energy  (eV) 


O k 

Fig.  4.99.  Absorption  spectrum  of  T-j band  of  MgO:Ni  at 
8,  121,  and  208  K.  Baselines  have  been  subtracted.  The 
smoothly  rising  curve  represents  the  baseline  at  8 K. 
[B.  D.  Bird,  G.  A.  Osborne,  and  P.  J.  Stephens,  Phys.  Rev. 
B 5,  1800  (1972).] 
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Fig.  4.100.  The  2.3  eV  (539  nm)  band  in  MgO  resulting  from  gamma 
or  electron  irradiation  at  5,  78,  and  295  K.  [Y.  Chen  and  W.  A. 
Sibley,  Phys.  Rev.  154,  842  (1967).] 
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Fig.  4.101.  Room- temperature  decay  rates  of  the  2.3  eV  (539  nm)  band 
in  different  MgO  crystals  irradiated  to  saturation  by  a gamma  source. 
The  saturation  value  aQ  obtained  in  various  crystals  is  indicated  in 
the  inset.  a/aQ  is  the  fraction  of  the  2.3  eV  absorption  that  has 
not  decayed.  See  also  Table  4.9.  [Y.  Chen  and  W.  A.  Sibley,  Phys. 
Rev.  154,  842  (1967).] 


Quenching  Temperature  (C) 


Fig.  4.102.  Absorption  coefficient  of  the  2.3  eV  (539  nm)  band  re- 
sulting from  y-irradiatlon  to  saturation  in  MgO  crystals  quenched 
from  various  temperatures.  The  samples  were  obtained  from  different 
commercial  sources  - see  Table  4.9.  [Y.  Chen  and  W.  A.  Sibley,  Phys. 
Rev.  154  , 842  0 967).] 
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The  samples  used  in  this  work  were  obtained  from  various  sources.  Their 

designations  and  various  characteristics  are  summarized  in  Table  4.9,  where 

aQH  represents  the  absorption  coefficient  of  the  3.3  pm  (0.38  eV)  OH  band 

and  oty  the  absorption  coefficient  of  the  2.3  eV  (539  nm)  band  in  a quenched 

crystal  at  saturation.  Also  listed  in  the  table  are  the  estimates  of  the 

concentrations  of  the  V-type  centers  at  saturation  (obtained  using  a Gaussian 

4 57a 

form  of  the  Smakula  equation  ‘ and  choosing  an  oscillator  strength  of  0.15, 
half-width  of  0.96  eV,  and  refractive  index  of  1.74). 


In  recent  years  several  studies  of  radiation-induced  defects  in  MgO 


have  been  made,  involving  optical  absorption  and  electron  spin  resonance 
4 58-4  61 

techniques  alone  ' ' or  in  conjunction  with  the  electron-nuclear 

4 62  4 63 

double-resonance  technique.  * ’ ' These  studies  indicate  that  the  ab- 

sorption in  the  vicinity  of  2.3  eV  (539  nm)  in  irradiated  MgO  is  associated 
with  one  or  more  of  the  following  trapped-hole  centers:  V~,  V^,  VqH,  Vp, 

and  VA£.  Schematic  representations  of  the  first  four  of  these  centers  are 

. c,"  r,  n ,n,.4.64  , 

VA£ 


shown  in  Fig.  4.103;4'^4  the  Vfl0  center  has  the  configuration  0"  — (Mg2+ 


3+ 

vacancy)  — 0 — Ad  . 

Recent  electron  paramagnetic  resonance  and  electron-nuclear  double- 
resonance studies  have  also  shown  that  the  V"  and  centers  absorb  microwave 

4 62 

power  at  the  same  g value.  * Consequently,  in  many  of  the  earlier  studies 
of  the  defects  responsible  for  the  2.3  eV  (539  nm)  band,  which  were  made  using 
only  the  optical  and  electron  paramagnetic  resonance  techniques,  no  dis- 
tinction between  the  V"  and  centers  was  made. 

The  thermal  stability  of  the  various  trapped-hole  centers  in  MgO 
decreases  in  the  order  V~,  V^,  and  Vq^.  At  room  temperature,  the  half- 
lives  of  VQH  and  centers  are  of  the  order  of  hours,  while  the  V"  center 
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Table  4.9.  Designations,  impurity  concentrations,  and  the  colorability  of 
the  2.3  eV  (539  nm)  V band  in  MgO  crystals  from  various  sources.  [Y.  Chen 
and  W.  A.  Sibley,  Phys.  Rev.  154,  842  (1967).] 


Sample 

Thickness 

(cm) 

Source  ■ 

®r 

(cm-1) 

Estimated 

V cone, 
(cm-*) 

“on 

(cm'1) 

Fc 

(ppm) 

Cr 

(ppm) 

H-J6 

0.167 

Harwell 

11 

4X10" 

05 

5 

<1 

H-4 

0.145 

Harwell 

S 

5X10" 

1.6 

80 

<1 

GE-2,4.5, 

0.082 

0.167 

0.186 

General 

Electric 

7 

5X10" 

1.6 

5 

<1 

MS-12,15 

1*19 

oooo 

Muscle-Shoals 

11-17 

4-6X10" 

05 

52 

20 

B-2A4 

0.149 

0.155 

0.154 

Bristol 

10-11 

5X10" 

05 

10 

2 

N-lJ-Mn 

0.121 

Norton 

0 

0 

2.9 

... 

... 

MS-2Y 

0.121 

Muscle-Shoals 

14 

SX10W 

0 

100 

IS 
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Fig.  4.103.  Schematic  representations  of  the  structures  of 
V0H’  V • V®,  and  Vp  centers  in  alkaline-earth  oxides.  F and 
H designate  fluorine  and  hydrogen  impurities,  respectively. 
[E.  Sonder  and  W.  A.  Sibley,  in  Point  Defects  in  Solids. 
Vol.  1 of  General  and  Ionic  Crystals,  edited  by  J.  W.  Crawford, 
Jr.  and  L.  M.  Slifkin,  (Plenum,  New  York,  1972),  Chapter  4.] 
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4 65 

has  a half-life  of  several  months.  ’ The  differences  in  the  decay  char- 

4 58 

acteristics  of  the  various  V-type  centers  enabled  Kappers,  et  al.,  ' to 
deduce  the  contribution  of  the  VqH  centers  to  the  2.3  eV  (539  nm)  absorption, 
as  illustrated  in  Fig.  4.104.  In  the  figure,  all  the  absorption  bands  shown 
were  recorded  at  77  K;  curve  (a)  represents  absorption  immediately  after 
X irradiation  at  77  K,  and  curve  (b)  shows  the  absorption  in  the  same  crystal 
following  an  annealing  treatment  at  25  C for  68  hours.  Since  the  parallel 
electron  spin  resonance  studies  indicated  that  the  annealing  treatment  had 
completely  bleached  the  VqH  centers  without  significantly  affecting  the 
concentrations  of  other  trapped-hole  centers,  the  curve  (c),  obtained  by 
subtracting  curve  (b)  from  curve  (a)  in  Fig.  4.104,  was  assigned  to  VQH 
centers. 

Using  a somewhat  more  involved  procedure,  Kappers,  et  al.,4‘^°  were 
also  able  to  determine  the  peak  positions,  half-widths,  and  oscillator 
strengths  of  V°,  V-,  and  V0H  centers  at  various  temperatures  between  4 and 
298  K (Table  4.10).  Optical  absorption  bands  arising  from  V0H’  V°’  and 
V”  centers  are  shown  in  Fig.  4.105,  where  they  are  normalized  to  the  same 
peak  height  for  comparison. 

b.  Na  in  MgO.  In  MgO  containing  substitutional  sodium  ions,  a 
trapped-hole  center  with  the  configuration  0”~  - Na+  - 0 has  been  identi- 
fied. The  center  is  named  [Na]^;  it  absorbs  near  1.58  eV  (785  nm)  as 
shown  in  Fig.  4. 106. 4,66 

0 

c.  F and  F*  centers  in  MgO.  Since  the  oxygen  is  divalent,  one  or 
two  electrons  can  be  trapped  by  a vacant  anion  site  in  the  MgO  lattice; 
the  centers  thus  formed  are  designated  F+  and  F,  respectively. 


259 


Sec.  IV-C  MgO 


Fig.  4.104.  Induced  optical  absorption  spectra  of  X-irradiated 
MgO  crystal  at  77  K.  (a)  Absorption  spectrum  observed  immediately 
following  a 20  min  X-ray  exposure  at  77  K.  (b)  Absorption  spectrum 
observed  after  68  hr  heat  treatment  at  25  C in  the  dark.  (c)  Opti- 
cal absorption  band  assigned  to  the  Vqh  center  in  MgO,  obtained  from 
difference  between  absorption  curves  a and  b.  [L.  A.  Kappers,  F. 
Dravnieks,  and  J.  E.  Wertz,  Solid  State  Commun.  10,  1265  (1972).] 
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Table  4.10.  Optical  parameters  for  V^,  V , and  Vqh  centers  in 
MgO.  [L.  A.  Kappers,  F.  Dravnieks,  and  J.  E.  Wertz,  J.  Phys. 
C:  Solid  State  Phys.  7,  1387  (1974).] 


Centre  Peak  position  (eV)  Half-width  (eV)  Oscillator 


4K 

77  K 

298  K 

4K 

77K 

29*  K 

strength 

V* 

237 

2-37 

2-36 

MS 

095 

104 

024 

V- 

233 

233 

2-33 

097 

097 

1-10 

OIS 

V„« 

223 

223 

221 

088 

088 

094 

OIO 

Fig.  4.105.  Comparison  of  the  optical  absorption  bands  assigned 
to  the  V",  the  VqH«  and  the  V®  centers  in  MgO.  [L.  A.  Kappers, 
F.  Dravnieks,  and  J.  E.  Wertz,  J.  Phys.  C:  Solid  State  Phys.  7_, 
1387  (1974).] 
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Fig.  4.106.  Optical  absorption  spectrum  of  MgO:Na  after  electron 
irradiation  at  77  K.  The  band  is  decomposed  experimentally  into 
two  separate  bands  with  peaks  at  2.30  and  1.58  eV.  [M.  M.  Abraham, 
Y.  Chen,  J.  L.  Kolopus,  and  H.  T.  Tohver,  Phys.  Rev.  B 5,  4945 
(1972).] 
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An  absorption  band  near  250  nm  (5.0  eV)  is  observed  in  MgO  crystals 
irradiated  with  fast  neutrons.  Parallel  electron  spin  resonance  and  optical 
absorption  studies  on  neutron-irradiated  MgO  crystals  indicate  that  the  band 
is  due  to  F+  centers.4,67  Figure  4.107  shows  the  absorption  spectra  of  MgO 

crystals  irradiated  with  doses  of  fast  neutrons  (E  > 1 MeV)  in  the  range 

16  20  -2  + 

5 x 10  to  10  cm  . It  can  be  seen  that  the  F -center  concentration 

i o _2  + 

reaches  a maximum  at  a dosage  of  ~9  * 10  cm  . The  shape  of  the  F band 
at  4,  298,  and  473  K is  shown  in  Fig.  4 . 1 08 . 4 * 

MgO  crystals  have  been  additively  colored  by  heating  them  in  Mg  vapor 

4 6ft 

at  temperatures  between  1600  and  1800  C.  * An  absorption  band  nearly 
identical  in  peak  position  and  half-width  with  the  F+  band  is  observed  in 
additively  colored  MgO  (Fig.  4.109).  Electron  spin  resonance  studies  indi- 
cate that  the  250  nm  (4.96  eV)  band  in  additively  colored  MgO  is  due  to  F 
centers.4,68  (While  an  F center  and  an  F+  center  absorb  light  of  nearly  the 
same  wavelength,  the  distinction  between  the  two  centers  can  be  made  by 
electron  spin  resonance  because  the  F center  in  the  ground  state  does  not 
absorb  microwave  power.) 

The  F + F+  photoconversion  process  in  MgO  is  illustrated  in 
4 68 

Fig.  4.110,  where  curve  (1)  represents  the  spectrum  of  an  additively 
colored  crystal,  while  curve  (2)  shows  the  shift  in  the  absorption  as  a 
result  of  irradiation  with  250  nm  (5.0  eV)  light.  The  shift  occurs  because 
the  250  nm  (5.0  eV)  light  releases  electrons  from  several  F centers  and 
converts  them  into  F+  centers.  The  released  electrons  are  apparently 
trapped  by  impurities  in  the  crystal  since  the  subsequent  heating  to  800  C 
is  seen  to  destroy  the  F+  band  and  simultaneously  restore  the  F band, 
curve  (c).  The  observed  increase  in  the  absorption  near  5 eV  upon  optical 
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Fig.  4.107.  The  growth  of  the  250  nm  (5.0  eV)  band  as  a 

function  of  1 MeV  neutron  dose  in  MgO.  The  sample  contained 

3+ 

50  ppm  of  Fe  impurity;  the  positions  of  the  Fe  absorptions 
are  indicated.  [B.  Henderson  and  R.  D.  King,  Phil.  Mag.  13, 
1149  (1966).] 
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Fig.  4.108.  Optical  absorption  spectra  of  a neutron-irradiated 

MgO  crystal  measured  at  three  different  temperatures.  The  fast 

17  -2 

neutron  (>1  MeV)  dose  was  7x10  cm  . [L.  A.  Kappers,  R.  L. 

Kroes,-  and  E.  B.  Hensley,  Phys.  Rev.  B 1 , 4151  (1970).] 
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Fig.  4.109.  Absorption  spectra  of  an  additively  colored  MgO  crystal. 
The  crystal  was  additively  colored  in  Mg  vapor  at  1800  C at  a pres- 
sure of  1300  torr  for  1 h.  The  band  is  attributed  to  absorption  by 
F centers.  For  comparison  the  dashed  curve  is  the  4 K curve  of  a 
neutron-irradiated  crystal  which  is  attributed  to  absorption  by  F+ 
centers.  [L.  A.  Kappers,  R.  L.  Kroes,  and  E.  B.  Hensley,  Phys.  Rev. 
B 1,  4151  (1970).] 
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4.8  5.0  5.2 


Photon  Energy  (eV) 

Fig.  4.110.  Absorption  spectra  illustrating  the  reproducibility 
of  the  F -►  F+  photoconversion  process.  Curve  1 shows  the  upper 
portion  of  the  F band  of  the  initial  additively  colored  crystal. 
Curve  2 shows  the  shift  in  the  absorption  spectra  as  a result  of 
irradiation  with  250  nm  light.  Heating  to  800  C restores  the 
spectra  to  its  original  state  as  shown  by  curve  3.  The  result 
of  a second  ultraviolet  irradiation  is  shown  by  curve  4.  [L. 
A.  Kappers,  R.  L.  Kroes,  and  E.  B.  Hensley,  Phys.  Rev.  B 1_, 
4151  (1970).] 
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bleaching  suggests  that  the  oscillator  strength  of  the  F+  band  is  greater 
than  that  of  the  F band,  which  is  consistent  with  the  estimated  values  of 
1.1  and  0.78,  respectively.4-®® 

d.  F-aggreqate  centers  in  MgO.  In  neutron-irradiated  MgO  crystals, 

several  zero-phonon  lines,  some  accompanied  by  vibrational  structures,  have 

been  observed  on  the  low-energy  side  of  the  250  nm  (5.0  eV)  band  at  low 

temperatures.  The  number  and  the  relative  intensity  of  these  lines  can  be 

changed  by  post-irradiation  annealing  treatments,  as  illustrated  in 
4 64  4 69 

Fig.  4.111.  - ’ - Table  4.11  summarizes  the  assignments  and  the  peak 

positions  of  the  observed  zero-phonon  lines  and  their  vibrational  struc- 
4 64 

tures.  ‘ Many  of  the  zero-phonon  lines  have  been  attributed  to  F- 

4 70 

aggregate  centers.  Tentative  models  - proposed  for  some  of  these  centers 

are  shown  in  Figs.  4.112  and  4.113.  These  models  have  been  discussed  in 

detail  in  the  review  articles  by  Hughes  and  Henderson  on  Color  Centers  in 
4 64 

Simple  Oxides  ' and  by  Sonder  and  Sibley  on  Defect  Creation  by  Radiation 
in  Polar  Crystals.4-®4 

Figure  4.114  compares  the  spectra  of  MgO  irradiated  by  2 MeV  electrons 

with  that  of  MgO  irradiated  by  neutrons  to  attain  nearly  the  same  concen- 

4 64 

trations  of  F-type  centers.  ‘ Figure  4.115  shows  the  absorption  spectrum 
of  an  MgO  crystal  irradiated  with  29  MeV  electrons,  curve  (a),  and  the 
changes  produced  in  this  spectrum  by  successive  bleaching  with  254  nm  (4.88  eV) 
and  540  nm  (2.30  eV)  light,  curves  (b)  and  (c),  respectively.  Since  the 
bleaching  with  254  nm  (4.88  eV)  light,  which  is  expected  to  release  electrons 
from  the  F-type  centers,  maximizes  the  intensities  of  the  zero-phonon  lines 
at  361.5  nm  (3.430  eV),  1044.5  nm  (1.187  eV),  and  1342.5  nm  (0.9235  eV); 
and  since  the  bleaching  into  the  2.30  eV  (540  nm)  band,  which  is  expected 
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Wavelength  (nm) 


Fig.  4.111.  Absorption  spectra  of  MgO  crystal  irradiated  with 
18  2 

2.2  x lo  neutrons/cm  and  annealed  for  10  min  at  the  temper- 
atures indicated.  [Y.  Chen  and  W.  A.  Sibley,  Phil.  Mag.  20, 
217  (1969).] 
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Table  4.11.  Zero-phonon  lines  and  phonon-assisted  transitions  in  MgO.  [A.  E. 
Hughes  and  B.  Henderson,  in  Point  Defects  in  Solids,  Vol . 1 of  General  and  Ionic 
Crystals,  edited  by  J.  W.  Crawford,  Jr.  and  L.  M.  Slifkin,  (Plenum,  New  York, 
1972),  Chap.  7.] 
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Fig.  4.112.  Some  models  for  orthorhombic  F-aggregate 
centers  and  their  possible  assignments  to  zero-phonon 
lines  in  MgO.  [B.  Henderson  and  J.  E.  Wertz,  Advan. 
Phys.  17,  749  (1968). 
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Fig.  4.113.  Models  and  molecular  orbital  schemes  for  trigonal 
F-aggregate  centers  and  their  possible  assignments  to  zero-phonon 
lines  in  MgO.  [B.  Henderson  and  J.  E.  Wertz,  Advan.  Phys.  17^ 
749  (1968).] 
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Wavelength  (nm) 


Fig.  4.114.  Comparison  of  the  absorption  spectra  of  MgO 
crystals  irradiated  with  2 MeV  electrons  or  neutrons. 
[E.  Sonder  and  W.  A.  Sibley,  in  Point  Defects  in  Solids, 
Vol.  1 of  General  and  Ionic  Crystals,  edited  by  J.  W. 
Crawford,  Jr.,  and  L.  M.  Slifkin,  (Plenum,  New  York, 
1972),  Chap.  4.] 
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Wavelength  (nm) 


MgO:  electron 
78  K 

l - 3 mm 


Fig.  4.115.  Spectra  of  MgO  crystal  irradiated  with  29  MeV 
electrons,  measured  at  78  K after  (a)  prolonged  period  in 
the  dark;  (b)  bleaching  with  254  nm  light  at  295  K,  V~  band 
(540  nm)  appears;  (c)  bleaching  with  540  nm  light.  Step 
(b)  maximizes  zero-phonon -line  intensities.  [Y.  Chen,  D. 
L.  Trueblood,  0.  E.  Schow,  and  H.  T.  Tohver,  J.  Phys.  C: 
Solid  State  Phys.  3,  2501  (1970).] 
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to  release  holes  from  the  V-type  centers , is  accompanied  by  a decrease  in 
the  intensities  of  all  the  zero-phonon  lines,  the  results  of  bleaching  ex- 
periments indicate  that  all  the  zero-phonon  lines  are  associated  with 

4 39 

trapped  electron  centers. 

Figure  4.116  compares  the  thermal  stabilities  of  the  250  nm  (5.0  eV) 
band  in  electron-irradiated,  neutron-irradiated,  and  additively  colored 
MgO  crystals.4,64, 4,71 

+ 4 40 

e.  Ne  irradiation  of  MgO.  Optical  absorption  spectra  ’ of  MgO 

crystals  implanted  with  3 MeV-Ne+  in  the  dose  range  from  10^4  to  10^7 
2 4 40 

ions/cm  are  shown  in  Fig.  4.74.  Evans  ' shows  that  much  of  the  observed 
absorption  arises  from  displacement-type  lattice  damage  and  that  the  spec- 
trum can  be  decomposed  into  three  regions  near  5.0  eV  (250  nm),  5.8  eV 
(210  nm),  and  7.0  eV  (180  nm).  His  electron-spin-resonance  data  indicate 
that  the  absorption  in  the  region  of  5.0  eV  (250  nm),  as  in  the  case  of 
neutron-irradiated  MgO,  arises  predominantly  from  F+  centers. 

Figure  4.117  compares  the  room-temperature  spectra  of  MgO  implanted 
at  77  K and  at  300  K with  a 3 MeV-Ne+  ion  fluence  of  10^4  cm~^.  The  ab- 
sorption near  5.0  eV  (250  nm)  is  seen  to  be  higher  by  about  a factor  of 
two  in  the  sample  irradiated  at  77  K;  apparently  the  implantation-induced 
Frenkel  pairs  recombine  at  a lower  rate  at  this  temperature  as  compared 
to  300  K. 

Optical  absorption  spectra  of  MgO  crystals  taken  at  100  K and  at  300  K 

i 

before  and  after  3 MeV-Ne+  implantation  are  shown  in  Fig.  4.118.  Absorption 
spectra  of  an  Ne+-implanted  MgO  after  isochronal  (12  min.)  annealing  at 
various  temperatures  in  the  range  25-1250  C are  shown  in  Fig.  4.119.  Notice 
that  the  5.8  eV  (210  nm)  band  becomes  very  prominent  in  the  sample  annealed 
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Fig.  4.116.  Normalized  absorption  coefficient  at  the  peak  of  the  F 
band  (5.0  eV)  versus  annealing  temperature  (10  min  at  temperature) 
for  electron-irradiated,  neutron- irradiated,  and  additively  colored 
MgO  crystals.  [Y.  Chen,  R.  T.  Williams,  and  W.  A.  Sibley,  Phys. 
Rev.  182,  960  (1969).] 


Fig.  4.117.  Room- temperature  spectra  of  MgO  bombarded  with  3 MeV 
Ne+  at  77  K and  at  300  K to  a fluence  of  10^  cm"^.  [B.  D.  Evans, 
Phys.  Rev.  B 9,  5222  (1974).] 
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Fig.  4.118.  Temperature  and  dose  dependence  of  the  absorption 
spectrum  of  MgO  before  irradiation  with  Ne+  ions.  [B.  D.  Evans, 
Phys.  Rev.  B 9,  5222  (1974).] 
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Photon  Energy  (eV) 


Fig.  4.119.  Room- temperature  spectra  of  absorption  remaining 
after  isochronal  annealing  of  samples  receiving  a dose  of 
1015  3 MeV-Ne+  cm"2.  [B.  D.  Evans,  Phys.  Rev.  B 9,  5222  (1974).] 
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at  600  C.  Figure  4.120  shows  that  the  5.8  eV  (210  nm)  band  has  almost 
identical  spectral  position  and  half-width  as  the  deformation-induced  ab- 
sorption band  in  MgO.  Evans  attributes  the  5.8  eV  (210  nm)  band  to  the 
bombardment-induced  deformation  and  suggests  that  the  band  could  be 
associated  with  an  anion-cation  vacancy  pair  containing  two  trapped  holes 
or  electrons  in  the  vicinity. 

Absorption  spectra  of  3 MeV  proton  bombarded,  3 MeV-Ne+  bombarded, 
and  fast-neutron  irradiated  MgO  crystals  are  compared  in  Fig.  4.121.  The 
observed  similarity  in  the  spectral  features  indicates  that  the  defect 
structures  produced  in  MgO  by  light-particle  irradiation  do  not  differ 
significantly  from  those  produced  by  Ne+  bombardment. 
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Fig.  4.120.  Normalized  absorption  spectra  comparing  the 

5.8  eV  (214  nm)  band  in  MgO  resulting  from  (a)  Ne+  bom- 

1 5 -2 

bardment,  to  a fluence  of  10  cm  followed  by  a 12  mm 
anneal  at  600  C,  (b)  deformation,  and  (c)  deformation 
followed  by  y-irradiation.  [B.  0.  Evans,  Phys.  Rev.  B 9, 
5222  (1974).] 
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Fig.  4.121.  Room- temperature  absorption  induced  by  3 MeV 
20Ne+,  to  a fluence  of  3*1015  cm"2  (solid  line),  by  3 MeV 

+ 1C  .p 

H to  a fluence  of  8 * 10  cm  (dash-dot  line),  and  by 
fast  neutrons  (E  > 1 MeV)  to  a fluence  of  approximately 
5x10  cm  (broken  line).  The  neutron  sample  is  0.08  mm 
thick;  the  others  including  the  unirradiated  sample  are 
0.23mm  thick.  [B.  D.  Evans,  Phys.  Rev.  B 9,  5222  (1974).] 
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